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FROM THE EDITOR 


Programming Techniques is a series of books designed specifically to help the personal 
computer enthusiast by making programming easier and more enjoyable. This is done by 
providing articles which detail successful techniques for designing and implementing programs. 
The first volume in this series, Program Design (ISBN 0-931718-12-0), provides a look at 
several different methods for designing programs more efficiently and effectively. Included in 
the topics covered are structured program design, modular programming techniques, program 
logic design, designing tables, and binary tree processing. 

Volume 2 of Programming Techniques is Simulation. Its purpose is to familiarize the 
reader with both a general overview of the vast area of computer simulation as well as de- 
tails of specific types of simulations. The term simulation can cover a lot of territory. But 
for this book | have chosen only three categories: Artificial Intelligence (Al), Motion, and. 
Experimentation. 

| felt a brief introduction to Al was called for in this book, even though it is a complex 
subject of research unto itself, simply because of the large amount of research being done 
in the area. By no means do { suppose that this book contains any in-depth analysis of the 
world of Al. But it does provide a good introduction to that area for those unfamiliar with 
it. Some may question whether or not articles on Al belong in a book on simulations, but 
introducing the subject here could lead the reader to other areas such as game theory or ro- 
botics, which are indeed “true” simulations. 

When most people think of computer simulations, they usually think of the modelling 
of physical activities — thus the section on Simulation of Motion. Several different types of 
motion are looked at, the main one being flight (for some reason a favorite among personal 
computer experimenters). These articles offer good models on which to base detailed simula- 
tions in many areas. 

The final section on Experimentation is by far the most complex. It first gives an excellent 
example of a resourceful twist on the usual types of simulations: the simulation of a robot 
(a simulation of a simulation?). The rest of the section, however, is devoted to the analysis and 
simulation of electronic circuits. | personally find this the most exciting section because of 
what it represents: a return to the age of the home experimenter. It is no longer critically neces- 
sary to own vast amounts of exotic chemical or electrical apparatus. Many of the functions of 
experimental equipment can be simulated with even the simplest of microcomputer systems. So 
for the price of a home computer, you get not only a computer science laboratory, but also a 
chemistry lab, physics lab, electrical engineering lab, mechanical engineering lab, biology fab... 


Blaise W. Liffick 
Editor 


ARTIFICIAL INTELLIGENCE 


Artificial Intelligence: 


If you are a typical computer hobbyist, 
you have probably spent (or will spend) a 
fair amount of time playing games ~ com- 
puter games, that is. Perhaps you have 


written computer programs to play space. 
war, backgammon, even chess. What tech- | 


niques are used in programming computer 
games, particularly those requiring “‘intel- 
ligent” decisions by the machine? The answer 
to this question is in the realm of artificial 
intelligence. : 

Perhaps you are trying to program a 
microprocessor to recognize or interpret 
signals from a video camera, or would like to 
automatically translate Morse code to 
printed characters. Both of these problems 
concern artificial intelligence, specifically in 
the field of pattern recognition. 

What is artificial intelligence? For that 
matter, what is intelligence? These questions 
can easily lead us into a philosophical 
debate, but that is not the purpose of this 
discussion. My interest is how: artificial 
intelligence, frequently referred to as Al, can 
help us solve problems such as those just 
outlined. What these problems have in com- 
mon is the. substitution of a computer 
(artificial mechanism) for what are ordi- 
narily human tasks (generally assumed to 
require intelligence). So for the sake of 
expediency, fet’s define artificial intelligence 
as the mimicking of human behavior and 
decision making by computer. 

Today, work in artificial intelligence is 
divided into a number of areas. Two of them 


What Is It? 


Richard Rosenbaum 


Figure 1: One version of the game of nim starts with three piles of 15 


counters as shown in figure 1a. Players take turns removing any number of 
counters, atleast one, from any one pile. The player who takes the fast 
counter foses; In the case illustrated in figure 1b the first player took three 
from the fast pile. Figures Ic and d illustrate some techniques used in 
developing an infallible play of nim. The first step is to represent the number 


« of counters in each pile in binary. Then you must determine the number of 1s 


in each binary column. {f the number is odd, as in figure Ic, then you are in 
an unsafe position. You should make your move so as to leave an even 
number of 1s in each column as shown in figure 1d. This is Rnown as a safe 


‘position. A point is eventually reached, as in figure 1e, where there are only 
~ two piles left and only one of them has more than one counter. The winning 


Strategy is:to take all of the counters from the pile with more than one. This 
causes the other person to take the fast counter, as shown in figure 1f. Using 
these methods, an unbeatable game of nim can be developed. 


Figure 2: This is the begin- 
ning of a game tree for the 
game of nim as discussed 
in figure 7. Only a few of 
the branches are shown for 
the sake of clarity, Using 
this version .of the game 
there are 45 different ways 
to play the game! 
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have been mentioned: game playing and 


‘pattern recognition. Others include general- 


ized problem solving, natural language com- 
prehension and translation, and robotics. 
These will be examined in order, 


Game Playing Programs 


It is probable that once the beginning 
computer hobbyist learns basic programming 
fundamentals, the first attempt at a big 
program will be an entertaining one. How 
many of us, once we have BASIC up and 
running, quickly type in our copy of Star 
Trek? We all have some interest in computer 
games. 

While many games use artificial intel- 
ligence concepts in their programming, not 
all of them do. ‘For ‘instance, Star Trek 
usually consists of a program that keeps 
track of time, energy levels, scores and other 
parameters. The only decision to be made is 
generally, “Which way do | fire?”, which 
only requires use of a simple formula. Of 
course, there are exceptions where some 
super program simulates the alien cunning of 
a Klingon commander. 

Artificial intelligence techniques are re- 
quired, however, for the automation of most 
traditional multiple player games. These 
range from the simple binary strategy of nim 
(see figure 1) to the complexities of chess, 
The case of nim illustrates one extreme of.an 
intelligent program: the perfect player. The 
game is simple enough to develop a fast 
technique to determine the best move. Such 
is not the case in chess. The important point 


here is that both chess and nim are deter- 


ministic; ie: if you have enough time, you 
can go through every possibility that can 
arise. However, with games as complex 
as chess, a program would take a tremendous 
amount of time to check al} the possible 
moves. This is where artificial intelligence 
techniques come to the rescue. 
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Let us examine. how a human player 
makes decisions in a game such as chess. This 
technique, saying, “How would ! do it?”, is 
invaluable in artificial intelligence work. 


‘Obviously, we do not go through every 


possibility.. What we do instead ‘is to make 
trial moves and evaluate the board situation 
at that point. If the situation is too dan- 
gerous, we discard that possibility and check 
others until we make a decision. 

So we need an evaluation function. The 
quality of this function will strongly 
influence how good a game the computer 
can play. Jn 1967, A Samuel wrote a 
program to play checkers. In it, he used an 
evaluation formula that took into account 
such parameters .as number of pieces, 
number of kings, how far the kings were 
advanced, etc. Samuel, however, did not 
know how to weight the various items to 
determine their relative importance. So he 
made a set. of trial values and incorporated 
into the program a mechanism that changed 
these values if it was losing, in order to try 
to find an optimum strategy. In this way, he 
wrote a program which “learned” to play 
better checkers! 

Of course there is more to playing a game 
than just evaluating positions. We must 
generate trial moves in some orderly fashion. 
The most efficient way to do this is to make 
a tree of possible moves as shown in figure 2 
for example. This figure is called a tree 
because of the way it resembles an upside 
down tree with branches," 

As can be seen, trees can rapidly expand 
as they grow downward. The tree shown in 
figure 2 has 1.2.x 1056 branches. With the 
limited memory space of a typical micropro- 
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SENTENCE 


Figure 3: A syntactic analysis of the sentence, “This game is played by two 
people on the computer.” This particular parse of the sentence, resolving the 
sentence into its components, means that two people are engaged in playing a 
game that somehow involves the use of the computer (the adverb use of the 
phrase “‘on the computer” to modify “is played"). 


NOUN PHRASE VERB PHRASE 
THIS GAME VERB PREPOSITIONAL PHRASE (ADVERB USE) ‘PREPOSITIONAL PHRASE (ADVERB USE) 


i: ree aie 


iS PLAYED 


cessor, we must find some way to minimize 
its size. One way is to copy the human 
player, and not expand any branches that do 
not look promising, ie: do not have a high 
evaluation. Other aspects of artificial intel- 
ligence concern optimization of the evalua- 
tion, speeding up tree generation, and mini- 
mizing other memory requirements. Often, 
one only stores a small local region of the 
tree at any one time, using rules to generate 
additional segments. 


Pattern Recognition 


The influence of computer aided pattern 
recognition is affecting us more each day. 
Our checks have funny digits printed on 
them, grocery items have strange stripes; you 
also might have run into forms that required 
you to write characters exactly as indicated. 
A portion of artificial intelligence concerns 
itself with these tasks. 

Pattern recognition is generally a problem 
of classification. We have either a single item 
which we wish to describe as having certain 
characteristics, or we have a group of objects 
which we wish to break into subgroups. The 
principal problem is determining if a parti- 
cular object is in a certain class of objects. 
Hence, the field extends beyond merely 
recognizing characters on a piece of paper. 
Potentially, artificial intelligence techniques 
could help classify medical problems based 
upon symptoms, the field of computer aided 
diagnosis long found in science fiction litera- 
ture. - 

Unfortunately, much of the work in this 


field involves higher mathematics which are 


beyond the scope of this article. However, 
some elementary principles may help you 
conduct some investigations, perhaps in 
computer analysis of video signals. A funda- 
‘mental technique is to break your recogni- 


BY TWO PEOPLE ON THE COMPUTER 


tion problem into the simplest subproblems 
possible. For instance, consider the problem 
of analyzing faces. One would have to 
generate parameters for subclassifications 
such as color of eyes, hair, etc. In this way, 
each face is assigned a set of basic values, a 
‘prerequisite of any attempt to make 
comparisons. 


Problem Solving 


Problem solving may appear to cover 
everything under the sun but within artificial 
intelligence it refers to a specific set of tasks. 
‘In artificial intelligence, a problem is said to 
exist when we are in an initial state, desire to 
reach a goal state, and have a limited set of 
operations that can be used to get there. 
Game playing is actually a subset of this, in 
that the initial state is the present. position, 
and the goal state is a win. Another example 
is theorem proving, in which the initial state 
is given (remember your geometry?) and the 
operations are the various axioms. 

There have been many attempts to 
develop general methods for these types of 
problems. In fact, an early one was called 
GPS, General Problem Solver. The authors 
of this program, A Newell, H Simon, and J 
Shaw, developed many of the techniques in 
this field. The simplest one was a brute force 
method, similar to our discussion of check- 
ing every possible move in a chess game. 
They called this the “British Museum algo- 
rithm” in reference to the fact that a 
monkey placed in front of a typewriter will 


“eventually write all the books in the British 


Museum. So much for that idea! 

Of all the work done, the most popular 
idea was embodied in a program called the 
Fortran Deductive System. This program 
would take the initial and goal states, and 
develop a set of differences. It then would 


Figure 4: Another parse of — 


the sentence of figure 3. - 
This particular parse is 
evaluated as meaning that 
two people are on top of 
the computer - (adjective 
use of “on the computer”) 
and are engaged in playing 
a game. Both the parse of 
figure 3 and this one are 
valid and demonstrate a 
major difficulty that is 
encountered when trying 
to use computer evatua- 
tion of English ‘or other 
natural languages. 
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methodically apply the various operations in 
an attempt to reach the goal. The difference 


it had from the brute force approach was 


that it knew which operations: affected 
which differences. By: the way, any tech- 
nique that “intelligently” reduces a problem 
in complexity so that computation time ‘is 
reduced is called a heuristic. 


Natural Language Processing 


{n the early days of modern computers, 
the early 50s, one of the great optimistic 
hopes was to have automatic machine trans- 
lation of text. ft was thought that all you 
would have to do is have enough memory to 
store a dictionary. Today there are not many 
knowledgeable people who would make such 
a boast. 

The problem with writing a translating 
system is the immense complexity of natural 


language. English, for example, is full of . 


potential ambiguities. Does “Time flies!” 
mean a comment about how time is going by 
quickly, or does it mean a command that we 
should start chasing flies with a stopwatch? 
One -can think of hundreds of such 
sentences. a 

..A related problem is natural language 
comprehension. Wouldn’t it be nice if we 
could. converse. with our processors in 
English instead of BASIC or assembly lan- 
guage? Unfortunately, the same problems 
are faced in this task. One way to alleviate 
the problem is to limit our speaking vocabu- 
lary. Monitors often do this to an extreme, 
limiting us to specifics such as examine and 


.. deposit. The most successful approach for 


larger systems involves syntax directed 


VERB PHRASE 


Peo 


PREPOSITIONAL PHRASE (ADVERB USE) 


PREPOSITION 


NOUN PHRASE 


methods. This means that each sentence is 
broken down until its meaning is under- 
stood. This method has a “hopefully it will 
work” attitude about it. Figures 3 and 4 
illustrate this technique, showing how a 
single sentence can be broken down into 
different meanings. These methods are also 
applied to the design of computer languages, 
their interpreters, and compilers. 


Robotics 


This subject is last for good reason. The 


design of robots is largely based upon the 


preceding topics. For vision, if it is capable 
of it, a robot would use pattern recognition 
techniques. For performing tasks, problem 
solving is involved. Robotics is an applica- 
tion of artificial intelligence to hardware of 
mechanical systems as a controf element. 


Conclusion 


Artificial intelligence probably offers 
something for every programmer. . ; cer- 
tainly if you like to play games. But there are 
other aspects that are just briefly touched 
upon here. If we are building a large library 
of information, perhaps we would like to use 


_ an English-like inquiry system. The computer 


directed medical diagnosis could be ex- 
tended to auto maintenance, or even com- 


_ puter repair. Whenever you want some of 


your thinking done for you, automate it 
with artificial intelligence.@ 
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Toward Smarter Machines 


Many people seem to be missing the 
true meaning of artificial intelligerice. 
Richard Rosenbaum declares that arti- 
ficial intelligence is simply ‘‘the sub- 
stitution of a computer (artificial mecha- 
nism) for what are ordinarily human 
tasks (generally assumed to require 
intelligence).” | must disagree. 

The problem comes in defining 
intelligence. 

In having the computer perform 
simple operations, such as the four 
operations of arithmetic, are we not sub- 
stituting a computer for a human task? 
Is this artificial intelligence? It is rather 
simulated intelligence. The computer 
appears to be operating like a human 
mind. However, the computer employs 
a sequence of “mechanical” operations 
to arrive at a solution to the arithmetic 
problem. The human mind makes use of 
previously .compiled knowledge, reor- 
ganizing it. The computer generates 
new data. 

With consideration, one realizes that 
most human mental functions are based 
upon the manipulation of stored infor- 
mation. As data is received through the 
sensory systems, it is placed in the mind 
in the order perceived. As comparisons 
_are made the information is copied into 
other areas of the brain. Associated 
images are stored together. Collections 
of data are called out again when the 
senses receive a piece of information 
common to the group. Mental structures 


grow and are enhanced — constantly; 
so grows the mind from the moment of 
birth to the instant of death. 

Obviously, present day experimenters’ 
computers do not have the capacity to 
handle information on the same scale 
as the human mind. However, all animal 


_minds seem to function in essentially the 


same manner. Asa matter of observation, 
emotional capacity and intelligence seem 
to have a direct relationship to the 
physical size of a particular species’ 
brain. It may be possible to synthesize 
the mental functions of less intelligent 
animals; insects, rodents, primates. One 
might even consider synthesizing the 
infant human mind. While we may not - 
actually create complete minds, it is 
possible to develop the basic foundations 
of self evolving intelligence. 

Innovations in cybernetics are making 
it. possible to give the computer neces- 


sary perceptual input. Vocal input and 


output devices and digital “eyes” are 
making it possible for the computer 
to hear, see, and stimulate its environ- 
ment in order to obtain new information. 

| would like very much to communi- 
cate with anyone interested in the study 
of artificial intelligence. Perhaps by 
coordination of efforts we can make 
more rapid progress. 


Scott Jarol 
3401 E Shaw Butte Dr 
Phoenix AZ 85028 


Artificial Intelligence, 


An Evolutionary Idea 


Part 1: An Overview | 


Artificial intelligence is a subject that has 
fascinated people over the world for many 
years, but with the introduction of the 
computer this fascination is becoming a 
reality. [| do not mean the intelligence 
depicted in so many science fiction books 
and sensational movies, but rather the slow 
and methodical application of computers to 
perform tasks formerly thought to require 
intelligence. To attempt to even. briefly 
describe the areas and techniques of artificial 
intelligence research would certainly occupy 
several text books. The small computer user 
can, however, enter this exciting field and 
perform personal research and experiments 
by using the technique described in this 
article. 

The technique is called ‘‘Artificial Intel- 
ligence Through Simulated Evolution’’ and 
its early use and implementation is described 
very well by Fogel, Owens and Walsh in their 
book of the same name, published by John 
Wiley and Sons, New York, 1966. | have 
chosen the technique for several reasons: © 


. It can be simple to implement. 

. itis a powerful technique. 

. |t is readily programmable on .an 
small general purpose system. 

. It gives the user a quick and simple 
introduction to the realm of artificial 
intelligence. 


aS Wwh— 


Michael Wimble 


The criterion just listed represent only the — 


‘low end of application of this technique. 


Indeed some versions of programs using this 
technique perform very sophisticated func- 
tions using hundreds of hours of time on 
large computers ... . and even involve the use 
of artificial intelligence to analyze and op- 
timize the very artificial intelligence process. 


The Simulated Evolution Technique: 
What {t Can Do | 


Before describing in detail the logic and 
theory of the simulated evolution technique, 


‘let us look at some early uses which are both 


interesting and will probably also be .the 
initial uses of the personal computer. The 
technique is basically a goal directed pattern 
recognizer.. That is, it performs some task 
whose success is dependent on the formation 
and recognition of patterns. The goal given 
to early programs was --usually to predict 
some future event based upon past experi- 


ence, although some other uses were in the 


areas of correlation analysis, image enhance- 
ment and feature extraction. 

. One example of an early use, which was 
more to debug the program than anything 
else, was to predict prime numbers. ..The 
computer was asked whether or not the next 
number was a prime. It then replied with a 
yes or no, and was told whether or not it 


10 


had predicted correctly. The computer then 
remembered this historical data and looked 
for patterns to be used in future predictions. 

-To show that this technique is not just 


‘some heuristic ‘or statistical: method, let’s 


look at a slightly different but more interest- 
ing case, that of predicting earthquakes. In 
the prime number example, the goa! was 
simply to predict whether or not the next 
number was prime. It was given a very 
simple “sense of values” that said making a 
good prediction was good and making a bad 
prediction was bad. By altering this sense of 
values, we change the goal. 


For earthquake prediction, the aoa | is as” 


follows: 


@ Predict when an earthquake will next 


occur. 
® To make a good prediction is very 
good and to make a bad prediction is 
very bad. 
'@ It is better, however, to predict a false 
alarm than to miss an _ actual 
earthquake. 


Now let’s compare the performance of the 
program when given the two different goals. 

In the case of prime number prediction, 
after. about the seventh observation the 


‘program realized that no multiple of two 


was prime. After about the seventeenth 


observation, the program realized that no — 


multiple of three was prime. Unfortunately, 
as the numbers get larger the occurrence of 
primes becomes less frequent, at least for the 
first few hundred numbers. So the program 
rapidly settled into predicting that the next 
number will ‘not be a prime, which is 
statistically very good. ~ 

In the case of earthquake prediction and 
using the same data as with the prime 
number case (ie: the occurrence of a prime 
number is the occurrence of an earthquake), 
the program acted in'a much more sophisti- 
cated manner. In fact, a correct earthquake 
prediction: was almost never missed, al- 
though 10% to 20% of its predictions were 
false alarms. 

Finally, let’s examine what i is perhaps the 
most fascinating use of the technique: pre- 
dicting people. One version of the program 
was set up as a game. Its goal was to predict 
which thing the opponent was going to do 
next. The opponent, a human player, was 
allowed to do‘one of two things, such as 
say true or false. The game was played in 
real time and was thus competitive. The goal 
of the opponent was to be unpredictable. 
Each time the computer correctly predicted 
the opponent | scored a win for the com- 
puter; otherwise it was a win for the 
opponent. 

The opponent was free to chose any 
strategy as long as he was unaided. That is, 


he could not use random number generators 
or tables or other such aids. He might, for 
instance, choose to be as random as possible 
right from the start or he might try to use a 
particular pattern until he felt the computer 
had discovered it and HER to use a different 
pattern. 

One would think that if a person could 
make one of two choices, and he/she made 
choices purely randomly, then the best one 
could correctly predict him/her would be 
50% of the time. This is true. In practice, 
however, an unaided human cannot perform 
random actions; there is always some pattern 
or at feast a bias. Moreover, it seems that a 
person in a competitive situation tries to 
find the pattern of his/her opponent and to 
then develop an. antipattern pattern. One 
proof of this,:in fact, is the performance of 
the computer. When played against. several 
different players and requiring at least a 
hundred predictions before the opponent- 
could end the game, the computer success- 
fully predicted the opponent 55% to 85% of . 
the time, depending upon the opponent. 
Typically, 65% of . its Predictions were 
correct. ~ 


‘The Simulated Evolution Technique: - 


An Overview 


~ J wil) now explain the general functioning 


of the program, first by analogy and then by 


actual detail. The analogy may be shocking 
to some, but bear in mind that it is on/y an 
analogy. I use it because, although it is 
technically. inaccurate, it helps make the 
process clear and it provides some layman 
type concepts and explanations for the 
actual mathematical processes that occur. 

__ As the name of the technique implies, the 
process involves creating an “organism” 
which then undergoes evolution. The or- 


-ganism has a survival instinct, and to survive 


it must successfully and continually achieve 
a goal. If at any time it fails, it is made to 
produce mutated offspring, each slightly 
different than the parent. These offspring 
along with the parent are then compared to 
determine which one is best able to achieve 
the goal, usually based upon historical data. 
The one best organism is then kept as a new 
parent and all the rest are destroyed. The 
new parent now survives until the next time 
it fails to achieve the goal. 
What we then have is the simulation of 
thousands of ‘years of evolution in a matter 
of minutes on the computer. Each organism 
has several basic facilities to aid in achieving 
its goal. It has an awareness of the goal via a 
matrix of values which serves both as the 
evolutionary selection criterion and as a 
sense of values or judgments. It is able to 
interact with the environment as in the case 


of predicting the environment. Finally, it has 
a memory. Some programs allow unlimited 
memory while others may somehow restrict 
what can be remembered. Some programs 
even allow the organism to choose by itself 
what it wishes to remember. 

The importance of memory is well illus: 
trated by Fogel and his co-authors (page 1): 


The distinction between knowledge and 
intelligence \ became clear; knowledge 


being the useful information stored with- — 


in the individual, and intelligence being 
the ability of the individual to utilize this 
stored information in some worthwhile 
(goal directed) manner. — 


These characteristics: goal direction, en- 
vironmental interaction and memory, when 
coupled with one other facet, are responsible 
for the program’s “intelligent” behavior. The 
single most. important characteristic of the 
program is that it is self-organizing. It starts 
out with no preconceived notions. The 
programmer’s own experiences are not re- 
flected in the programmed organism. The 
program is not limited to performing only a 
few particular goals. What does occur is that 


the program is given a'goal and the organism’ - 


alters itself, changing its own makeup in 
accordance with its own judgment and ex- 
perience, always becoming .better able to 
achieve the goal. The goal can be any of a 
wide variety of goals, prediction being only 
one of the simpler goals. The goal can even 
change while the program is running and the 
organism will alter itself to meet this new 
goal. With this in mind, -consider Fogel’s 
offering of a definition of intelligence {page 
2): 


More carefully stated, intelligence can be 
viewed .as the ability of any decision 
making entity to achieve a degree of 
success in seeking a wide variety of goals 
under a wide variety of environments, 


There are few restrictions on the program 
other than those explicitly or implicitly 
given by. the programmer. The restrictions: 
within which the programmer must operate 
are as follows: 


1. The amount of computer memory 
available determines the maximum 
possible sophistication of the program. 

2. The programmer will usually place 

' fimitations on the evolution process so 
that it will stop after some time 
period. Thus it will not take hours or 
days to make the next response. 

3. The organism can recognize only a 


fixed number of input observation . 


types. For the game described in part 


2 of this article, the number is two. 
The amount of computer memory 
required is related to the square of this 

_ number and so is seldom greater than 
16. 

4. The ‘organism can make only a fixed 
number of output response types. For 
the game to be described the number 
is two and is the same as the input 
observation types (ie: the output is a 
prediction of the next input). 

5. The program operates sequentially. {t 
makes a response, receives feedback 
which it uses to judge the “goodness” 
of its previous response, and reorga- 
nizes itself to make the next response. 


The Simulated Evolution Technique: 
Detailed Representation 


The actual program uses what is called a 
State space mathematical model. The model 
consists of a set of five elements thus: 


fis}, fy), fo} fr}. 
ir sti a set of states 


{this a set of input pills {input 
alphabet) 


{ofis a set of output symbols (output 
alphabet} 


{rhi is a set of transitions 


~f isthe current state — 


The brackets “ {t» denote sets, a notion often 
found in mathematical texts. 


As an example, figure 1 represents a 
hypothetical model! for a stock investor. The 
current state, f, is state X. The model says: 
The model is at state X and if the market 
price of the stock goes up (symbol U) then 
the investor will sell a block of the stock 
(symbol S) and go to state Y; otherwise if 
the market goes down (symbol D) then the 
investor will buy a block of the stock 
(symbol B) and go to state Z. This is 
represented in figure 1 as: 


Us 


Assume that the market had gone up in 


the previous example, the current state 


11 


Figure 1: Hypothetical 
state space model of a 
stock investor. The fetter 
codes U and P stand for 
the up and down fluctua- 
tions of the stock market 
prices. The letters B and S 
stand for the buying and 
selling of stock, The set T 
is the set of all the transi- 
tions of the model. 
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{as} 


would now be Y and if the market price of 
the stock were to now go down the model 
says that the investor would buy a block of 
stock and remain at state Y. In figure 1 this 
is represented by: 


For our pictorial representation of a state 
space model we have a set of states which is 
represented by the circles. The set of transi- 
tions is represented by the arrows. Alongside 
of each transition arrow is a pair of symbols 
separated by a slash. The symbol to the left 
of the slash is a symbol! from the input 
alphabet and says that if the model is 
currently at the state connected to the tail 
of the arrow and this input symbol occurs, 
then this transition is to be taken. The 
symbol to the right of the slash is a symbol 
from the output alphabet and says that if 
this transition is taken, as per the previous 
statement, then this symbol is to be output 
and the new current state is the state 
connected to the head of the arrow. 


State Space and Evolution 


Given a state space model, we now look 
at the evolution process. There are five basic 


_ways we can change the model; we can: 


1. Add a new state (change the 
set {s} a 

2. Remove an existing state (change the 

t {s}). 

3. Change (repoint) a transition (change 
the set { Tt ). 

4. Change the current state (change f). 

5.-Change an output symbo! for a 


transition. 


Changing an input symbol is not allowed. 
Every state must have exactly as many 


transitions projecting from it as there are . 
‘possible input symbols. Thus. when at a 


particular state there is a valid response for 
every valid input. 
Note that the set of input and output 


“symbols cannot be changed during the run 


of a program. Technically there are ways of 
allowing this change but the programming 
becomes highly complex, so we assume that 
all possible observance types and all possible 
desired response types are known when the — 
program begins. {fn programming, as in 
physics or math, this is what is called a 

“simplifying assumption.” ] 

Also, change type five is really. not 


_ something that needs to be done randomly. 


There is a technique called deterministic 
optimization that assures that the output 
responses are the best possible for a given 
model. There is, however, a desirable change 
which can replace change type five and will 
be explained at the end of the next section. 


The State Space Model 
as an Intelligent Organism 


- There are some interesting properties of 
the state space models that get developed via 
this simulated evolution. The first is the 
tolerance to noise. Also, the model is able to 
repair damage to itself. Finally, if the model 
is knocked out of synchronism with the 
environment it: quickly locks back into 
synchronism. 

When the model is given the goal to find a 
pattern, it may be constrained by the pro- 
grammer or may have decided on the basis 
of previous inputs that the pattern for which 
it is searching is a -simple pattern. The 
environment may then contain high levels of 
random signals (noise) but the model will 
automatically ignore these random elements, 
deciding that their pattern is too complex. It 
will then lock onto the underlying patterned 
signal and thus remove it cleanly from ‘the 
noise. 

If the model is suddenly damaged, such as 
‘by loss of power in a memory module, or 
even by programmed destruction of a state 
or a transition, the model tends to “heal” 
itself as new data is collected. {t just so 
happens that the model is always striving to 
be a perfect representation of the environ- 
ment. {ff this representation is changed, 
equivalent, say, to a person losing a leg, then 
the evolution process will tend to restore the 
damage to regain that optimum representa- 
tion. 

A common problem that does exist from 
this method of artificia) intelligence is the 
loss of synchronism with the environment. 
What may be an otherwise perfect model 
may consistently yield incorrect predictions 
simply because it started out at the wrong 
state. Fortunately, as with the other prob- 
lem types, the model has a tendency to lock 


Figure 2: State space 
model in matrix represen- 
tation. The mode! can be 
described by ann by m 
matrix. The number of 
states in the model isn 
and the number of input 
types is m. Each element 
describes the output re- . 
sponse and the new cur- 
rent state to which the 
next move is made. 


itself back in synchronism with the environ- 
ment. Since, however, this problem can 
occur for so many reasons, we opt to 
provide an evolutionary function to speed 
up this lock..We then replace the old change 
type five with a new type, “advance the 
current state ahead by one state.” We are 
now complete in the definition of the 
mutation types desired in our evolution 
simulation. a 


The State Space Model 
and Its Computer Representation 


We now have sufficient knowledge to 
begin examining the computer implementa- 
tion of this artificial intelligence by simu- 
lated evolution. Although the discussion will 
tend to be general, the emphasis is on using 
‘the technique as a two symbol pattern 
recognition game. This game would then 
allow the computer programmer to experi- 
ment on his/her own system with predicting 
primes, earthquakes, people or any of the 


virtually limitless areas of pattern recogni- . 


tion and feature extraction. Those program- 
mers with a more extensive background. in 
mathematics and automata theory and with 
larger computer facilities at their disposal 
may want to attempt more sophisticated 
programs with many symbol pattern recogni- 
tion, advanced evolutionary techniques, or 
even using the intelligence of the program to 
improve upon the intelligence process. 

The most important design decision for 
the program is the representation method of 
the model. Figure 2 shows that the model 
can be represented as ann by m matrix 
where n is the number of states in the model 
and m is the number of input types. Each 
element on the matrix consists of two pieces 


Current — 
State 


Input Observation 


output: output: . | output: 

response A response B response C 
new current | new current 
state:R =| state: A 


output: 
response A response B 


_ new current 


output: output: 
responseA response 


ee ee i ee 
1 mewcurrent. 
| | state: T 


current state = S$ 


of information, a symbol to output and the 
next current state. Thus, if the model is 
currently at state S and input symbol type B 
occurs, then row S$ and column B of the 
matrix defines the output response and the 
next current state. 

At least five other pieces of information | 
must also. be maintained for the model, 
namely the first state, second state, the 
current state, value and the number of states 
currently in the model. The current state is 
used to derive the model’s next response. ’ 
The first state, second state and value are 
used by the evolution process when the 
modei must be driven by historical data, as 
when determining which of the offspring 
during mutation is the best. The number of 
states currently in the machine is also used 
by the mutation or evolution routines, as 
will be seen fater. 

Table 1 details a workable representation 
of a two symbol pattern recognition model 
for a small computer. Each element in the n 
by m matrix consists of two bytes. One byte 
for each possible transition. For both bytes, 
the high order bit determines the output 


Byte Use i Use 
0,1 State 1 Output response type: 


23° State 2 on is response type 1 
(n—1) *2, ; off is response type 0 


(n—1) *2+1 Staten New current state. 


Table 1: The representation that is used in the computer model for the 2 
symbol pattern recognition. Table 1a is the memory allocation for the matrix. 
Each state has two bytes with which to work. Each byte is broken into two 
sections as shown in table 1b. Bit 1 is used to signify the output response 
type, either response O or 1, The remaining seven bits are used to indicate the 
“new current state. 
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symbol. For example, high order bit on 
could mean “next number is prime,” or ‘an 
earthquake will occur next,” or “the op- 
ponent will next say true.” High order bit 
off would of course mean the opposite. The 
other seven bits in the byte contain the 
relative number of the’ next current state, 
state numbers ranging from 0 to 127. De- 


coding the model! to make -a prediction is 


easily done on most microprocessors and a 
typical sequence of instructions would be: 


J. Load current state number into 
accumulator. : 
2. Shift left one place (equivalent to 
multiplying by 2). 
3. Add input symbol type (a 0 or a 1). 
4, The result of step 3 is the relative 
number from the beginning of the 
model of the byte representing the 


transition to be taken. Load this 
relative byte into the accumulator. 

Sa. If high order bit is on, then the 
response (prediction) is type 1. 

Sb. If high order bit is off, then the 
response is type 0. 

6. “AND” accumulator with hexadeci- 
mal 7F; the result is the new cur- 
rent state. 


Part 1 of this article has described the 
general overall workings of the simulated 
evolution technique. Using the knowledge 
thus far presented, the reader is prepared to 
write his/her own artificial intelligence pro- 
gram for predicting earthquakes, primes or 
even people.. In- Part .2 this discussion 


‘will continue with a description of the im- 


plementation of a predictive game with 
which the readers can experiment.@ 


Artificial Intelligence, 


An Evolutionary Idea 


Part 2: Implementation 


As described in Part 1, there are five types 
of mutations that can be performed with the 
simulated evolution technique. A separate 
subroutine will be used for each mutation 
type. Four of the subroutines rely heavily on 
a subroutine which generates a random 
number between limits. (For those systems 
not already possessing random number gen- 
erators, a box accompanying this article gives 
an algorithm to produce pseudorandom 
numbers by the power ‘residue method.) 

Figures 1 through 9 are flowcharts of the 
basic modules which were extracted from a 
fairly sophisticated system of FORTRAN 
programs. These are intended to serve as a 
starting point for the reader in implementing 
his/her own program. If there is sufficient 
reader interest, | would be happy to program 
and publish program listings of implementa- 
tions for one or more small system proc- 
essors, in any popular computer language. _ 

The rest of this article then is a descrip- 
tion of the modules used to implement a 
2 symbol gaming program using the artifi- 
cial intelligence technique. If more detail is 
needed | suggest you look first into the 
book Artificial Intelligence Through Simu- 
lated Evolution by L J Fogel, A J Owens and 
M ) Walsh (John Wiley and Sons, 
New York, 1966) or send questions 
and a self-addressed stamped envelope to 
me. Although there are many flowcharts and 
the technical jargon may seem complex at 
times, 1 wish to emphasize that the 
programming is simple and the technique 
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TOO 


SELECT RANDOM 
NUMBER OF 
MUTATIONS 


DETERMINE 
NEW STATE 
LINKAGE 


ENOUGH 
ee 


BUILD NEW 
STATE 


INDICATE 
SUCCESSFUL 
MUTATION 


GO TO 
ISREM 


(FIG. 7) 


MANY GO TO 
STATES MUTCHK 
(FIG. 6) 


Michael Wimble 


MUTATION |: ADD STATE 
[MUTATE SUBROUTINE | 


|SELECT RANDOM] 
LINKAGE AND | 
IREPOINT IT TO 4 
INEW STATE | 
| a ee | 


Figure 1: Mutation type 1, add a state to the 
model, This routine determines if there is 
room for another state, If there isn’t enough 
room the model fails, If there is enough 
room the routine determines a new state 
linkage and then builds the new state. This 
is a component of the MUTATE subroutine. 
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Figure 2: Mutation type 2, 
delete a state from the 
model. This routine checks 
to make sure that there is 
more than one state in the 
model or else it fails. If 
there is more than one state 
it deletes all references to 
a randomly chosen state 
thereby severing it from 
the rest of the model. This 
is a component of the 
MUTATE subroutine. 


Figure 3: Mutation type 3, 
change a transition. This 
mutation will fail if there 
is only one state in the 


model. If there is more - 


than one state a transition 
will be randomly chosen 
and repointed to another 
state from that to which it 
is presently pointing. This 
is a component of the 
MUTATE subroutine. 
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can be implemented on any personal 
computing system with sufficient memory. 


Mutation 1 — Add a State 


Figure 1 describes the first mutation 


type. As shown, the number of states is first 


compared to-some maximum number. Most 
programs will have a fixed amount of mem- 
ory allocated for containing the model, and 
so a check is made to see if any memory is 
yet available for expanding the model. The 


(FROM FIG. 6} MUTATION 2: DELETE STATE 


(MUTATE SUBROUTINE ] 


DELS TATE 


GO TO 
MUTCHK 


(FIG. 6) 
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SUCCESSFUL 
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(FIG. 7) 
5 MUTATION 3: 
(FROM FIG. 6) RANDOM TRANSITION CHANGE 


(MUTATE SUBROUTINE] 


RANSTATE 


GO TO : 
MUTCHK 


(FIG. 6) 


CHOOSE AND 
REPOINT RANDOM 
LINKAGE 


INDICATE 
SUCCESSFUL 
MUTATION 


; .GOTO ; 
tSREM 


(FIG. 7) 


2 symbol version previously discussed can 
conveniently be implemented using two 


‘bytes per state with the maximum number 


of states being 127. The programmer must 
determine the internal representation of the . 
model and the amount of memory available 
and then set a variable to represent the 
maximum number of states the model can 
hold. 

The random number subroutine is called 
to provide an iteration counter. This counter 
is the number of randomly selected transi- 
tions that will be pointed at the new state. If 
no transitions were pointed to the new state 
then it would be an impossible state, ie: it 
could never be reached and could contribute 
no value to the model. Next, random transi- 
tions are changed to point to the new state 
which is to be created. Then, the new state is 
created. Finally ISREM is entered to remove 
any impossible states from the model. 


Mutation 2 — Delete a State 


Figure 2 describes the second mutation 
type. As with mutation type 1, a check is 
made of the number of states currently in 
the model. If there is only one state in the 
model, the mutation fails, since to delete the 
state would totally eradicate the model. If 
there is more than one state then the 
mutation will be able to proceed success- 
fully. ae 

Next, one of the states in the machine is 
randomly selected to be deleted. The only 
State that cannot be deleted with this sub- 
routine is the state designated as the first 
state. To delete this state would result in the 


‘same mutation as mutation type 4 and is 


thus prohibited to this subroutine. 

The actual deletion is accomplished in a 
rather roundabout manner. Every transition 
in the model is checked to see if it refers to 
the state being deleted. If so, it is repointed 
to some other random state number. The 
result of course is the creation of an impos- 
sible state, one that cannot be reached and is 
thus useless to the model. Entering the 
ISREM routine, as explained in the descrip- 
tion of mutation type 1, will remove any 
impossible states from the model. and so 
effect the actual deletion of the desired 
state. ; 


Mutation 3 — Change a Transition 


Figure 3 describes the third mutation 


type. The model is first checked for having 
more than one state. If there is only one 
state, then all transitions must necessarily 
point to that state, and so no change can be 
made and the mutation fails. Otherwise a 
random element in the model is chosen and 
its transition pointer is changed to point to 


some other state. ISREM must be entered at 


the end of the routine since the changing of 


a transition may have resulted in the cre- 
ation of an impossible state. 


Mutation 4 — Change the First State Number 
Figure 4 describes the fourth mutation 


type. Again, if there is only one state in the 
model, then it must necessarily also be the 


first state, and the mutation would then fail. - 


Otherwise the first state number is set to any 
other state in the model. Also it is possible 


that an impossible state was created as the - 


result of this mutation, so ISREM is entered 
to remove such impossible states. 

Note that earlier discussion described the 
fourth mutation type as changing the cur- 
rent state number of the machine. The 
model must-be driven by history from the 
first state when performing evolution, and it 
is seldom possible to work backwards from 
the current state number to determine the 
first state number. It is practical, therefore, 
to modify the mutation from change current 
state number to change first state number. 
The result of changing the first state number 
will usually end up changing the current 
state number. 


Mutation 5 — Advance Model by 
One State 


Figure 5 describes the simple but power- 
ful mutation type 5. If the first state number 
is equal to the second state number of the 
model, then the mutation fails. Otherwise the 
first state number is set to the second state 
number. 

Earlier discussion of mutation 5 described 
it as advancing the current state number by 
one. As with the case of mutation type 4, it 
is impractical to change the current state 
number directly, so the first state is ad- 
vanced by one and evolution routines des- 
cribed later will run the model over its 
historical recall to result in the current state 
number actually being advanced by one 
state.. 


Mutation Control 


Figure 6 shows the logic involved in con- 
‘trolling the mutation process. A random 
number is generated and used to select one 
of the five mutation types to be performed. 
Upon return from the mutation routine, a 


check is made for successful mutation. If the” 


attempt was unsuccessful, a random selec- 
tion is again made until a successful muta- 
tion is finally made. Finally, .the routine 
OPTIMIZE is used to perform deterministic 
optimization and to assign a value to the 
model. 


e a, indeterminate Hints and 
i ed. on Boe 


- This. defines the i 
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GO TO 
MUTCHK 


GO TO 
MUTCHK 


MUTATION 4: CHANGE INITIAL STATE 
[MUTATE SUBROUTINE ] 


Figure 4: Mutation type 4, change the first 
state number, This mutation fails if there is 
only one state in the model. If there is more 
than one state the first state will be changed 
to any of the other states. This is a com- 
ponent of the MUTATE subroutine. 


MUTATION 5: ADVANCE | STATE 
- [MuTATE suBROUTINE] 


Figure 5: Mutation type 5, advance model 


_by one state. This mutation fails if the first 


state is equal to the second state. Jf this is 
not true the first state is set equal to the 
second state of the model. This is a com- 
ponent of the MUTATE subroutine, 


17 


Figure 7: Routine ISREM 
removes any ‘impossible 
states from the model. It 
performs this by checking 
all of the transitions to see 
that all of the states are 
referenced at least once. If 
it finds a state that is not 
referenced it will inter- 
change that state with the 
last state of the model and 
delete the last position as 
valid. This’ is a house- 
keeping component of the 
MUTATE subroutine. 
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-}SET VECTOR TOO 


“(CALLED FROM FIG. 9) , {FROM FIGURES # TO 5) 
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MUTCHK : 
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OPTIMIZE 


(FIG. 8) 


Figure 6: The MUTATE subroutine entry: 


point. MUTATE chooses the type of muta- 
tion that will be performed using a pseudo- 
random number generator. At MUTCHK we 
check to see if the mutation was a success. If 
it was not then the MUTATE routine con- 
tinues by choosing another mutation. (If at 
first you don’t succeed...) If the mutation 
was a success then the optimization process 
cleans up the mutation by transforming it to 
its most usable form before returning con- 
trol to the main program logic of 
PREDMUT,. 
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For those who implement this artificial 
intelligence game and would like to improve 
the intelligence forming process, the muta- 
tion control routine of figure 6 offers ‘the 
greatest potential for improvement. The 
mutation selection process shown is simple 
and effective, but is essentially a brute force 


“method. One of the first improvements | 


made to the program was to allow dynamic 
altering of the probability of selecting a 
mutation type. That is, if ADDSTATE was 
called successfully and resulted in a model 
with a higher value than before, then the 
probability of selecting ADDSTATE in the 
future was increased slightly. Similarly, if 
any mutation type was performed success- 
fully and decreased the value of the model, 
then the probability of sclecting that muta- 
tion type again was made slightly less. The — 
most sophisticated versions of this artificial 
intelligence program use the very artificial 
intelligence process to optimize the selection 
of mutation types, thus aiding the evolution 
process. 


ISREM — Remove Impossible States 


‘Figure 7 describes the subroutine that 
removes impossible states. An impossible 
state is any state that cannot be reached. For 
example, the model: : 


> 
i 
x 


has the impossible state Z. An impossible 
state cannot contribute to the value of a 
model but can hinder the model. If a model 
already had the maximum number of states 
permitted, but five of these states were 
impossible states, then the ADDSTATE mu- 
tation could not be performed until some 
states were deleted to make room. 

The flowchart of figure 7 will not remove 


all impossible states. For instance, if in the 


figure above, the current state was changed 
from X to Z, then X and Y would now be 
impossible states instead of Z. The sub- 
routine described will only find those states 
which are impossible solely because they 
cannot be reached from another state of the 
current model. In practice, this has never yet 
failed to eventually find all impossible states. 

Looking at the flowchart then, the proc- 
ess is simple. First a table is set to zero. 
Every transition is then examined. If the 


. head of the arrow points toa different state 


than the tail, then the entry in the table 

corresponding to the state pointed to by the 

head of the arrow is flagged. 
After looking at all transitions, the table 


prediction actual occurrence 


symbol; | symbol2 |{symbol3]{ ... 


tar [ten ft 


symbol, 


symbol9 


symbol 


Table 1: The matrix used to evaluate the 
optimized form of the new mutation. 
Each predicted input symbol is matched 
against the actual input. The value for that 
combination is. then added to the total 
value of the model. In this manner, using 
historical methods, the new model can be 
compared to the older model to see os it is 
more efficient. 


is examined. If any state in the model 
remains unflagged then it is an impossible 
state. If the impossible state is the last state 
in the model, then one need only decrement 
the variable denoting the number of states in 
the model to result in the deletion of the 
State. Otherwise the impossible state is first 
swapped with the last state in the model 
before the variable is decremented. 


OPTIMIZE — Evaluate New Model | 


Figure 8 describes the most important 
‘segment of the program. OPTIMIZE per- 
forms the deterministic optimization men- 
tioned previously, and evaluates the model 
with respect to the goal. Optimization and 
evaluation provide the criteria for the evolu- 
tion selection procedure. 

OPTIMIZE is conceptually simple, -al- 
though often large of implementation. The 
model is made to perform with historical 
data. As each input observation is fetched 
and the appropriate transition made, the 
required output is noted. Thus for each 
transition we have a table of the number of 
times each output should have occurred for 
perfect prediction. The output symbol that 
should have occurred most frequently for a 
transition is then made the output for that 
transition. If the transition was never used 
during this historically driven'run, then the 
transition is made to output the most 
frequently occurring output symbol over all 
of history. 

‘After optimization, the model is rerun 
using the same historical data. Now, how- 
ever, the optimized model is evaluated in 

_terms of its ability to achieve the goal 
provided. The goal is expressed in a matrix 
of the form shown in table 1. 

For each transition the prediction and 


(FROM FIG. 6) DETERMINISTIC OPTIMIZATION 
{MUTATE SUBROUTINE | 


OPTIMIZE 


SET MATRIX 
TO ZEROS 


DETERMINE 
MOST FREQUENT 
OUTPUT 


{USING HISTORY STEP i 
{THROUGH MODEL AND | 
'COUNT REQUIRED OUTPUTS | 


STEP THROUGH 
MODEL 


{CHAIN THROUGH EACH STATE LnacaGe! 
' AND SET OUTPUT TO MOST FREQUENTLY! 
REQUIRED SYMBOL, THIS 1S OPTIMUM i! 
[PREDICTION FOR THE STATE is 


DETERMINE 
OPTIMUM 
PREDICTION 


STEP THROUGH 
MODEL USING 
HISTORY 


COMPUTE 
VALUE OF 
MODEL 


RETURN TO 
PREOMUT 


(FIG. 9} 


Figure 8: Routine OPTIMIZE determines 
the optimum prediction for each state of the 
new model, It will then evaluate the model 
using past history as a model to determine 
the value of the mutation. This is the final 
processing of the MUTATE subroutine of 
ane program. 


actual occurrence are used to extract a value 
from the table. The sum of these values is 
the value of the model. 

For the purpose of predicting primes, the 
matrix is defined in table 2a, while for 
earthquakes the matrix is defined as in table 
2b. You see then that each accurate pre- 
diction of an actual earthquake or no earth- 
quake adds 1000 to the value for the model. 
To predict an earthquake when one does not 
occur adds 500 to the value of the model, 
while missing-an earthquake prediction adds 
nothing to the value of the model. 


PREDMUT — Putting It All Together 


Figure 9 shows the mainline logic for the : 
program. The flowchart should be obvious 
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prediction actual 


not prime 


PREDMUT MAIN PROGRAM 


MAKE 
PREDICTION 


GET 
RESPONSE 


ADVANCE MODEL 
ONE STATE 


ORIGINAL 
MODEL 


CALL | REFERENCES 
* MUTATE (FIGURES 1 TO 8,4 
(FIG. 6) {PIECES OF MUTATE | 


"MUTATION 
BETTER 
p 


REPLACE 
ORIGINAL . WITH 
MUTATION 


(b) 


prediction . actual 


earthquake no earthquake 


earthquake 


no earthquake 


Table 2: Two tables: whieh illustrate ex- 


amples of goals used to evaluate the models 
using historical data methods. Table 2a 
shows that when a correct guess of either — 
prime or not prime is made a value of 7 is 


.. added to the total value of the state. Table 


26 illustrates ‘another manner of weighting 
answers. A correct answer receives a weight 
of 1000. Predicting .an earthquake when 
there isn’t one only adds a weight of 500 to 
the model. Not predicting an earthquake 
when there is going to be one adds nothing 
to the model. This is a more subtle form of 
weighting since it not only allows a good and 
bad answer but also a not so good answer. . 


except perhaps for the use of the terms 
search limit and generation limit. 

In order to prevent the evolution proce- 
‘dure from taking hours or days, it is con- 
Strained as to how long it can take. Each 
time an evolution cycle ‘must occur, two 
variables are set. The search limit variable 
defines the number of times the parent may 
be serially mutated when searching for a 
better offspring. The generation limit vari- 
able defines the number of offspring to be 
generated. 

The result is that a fixed number of 
offspring are generated. Further, each off- 
spring can undergo a maximum series of 
mutations, since it is seldom that a single 
‘mutation results ina better model. To make 
the program more intelligent, one can in- 
crease these limit constants, but the result is 
a greater amount of computer time required 
between responses. 

Again, for. those adventurous - program: 
mers who want to make their programs even 
smarter, other methods can be employed to 
determine dynamically how many offspring 
and how many mutations are to be per- 
formed. There are other advanced evolu- 
tionary techniques that can also be em- 
ployed. Interbreeding, majority logic and 
second order pattern recognition are just a 


Figure 9: This is the main control logic of 
the simulated evolution technique. .[t first 
builds a dummy model, predicts an event, 
and receives the response. It then performs 
repeated versions and variations of the 
model looking for the optimum model to 
predict the correct answers. 


few terms describing the advanced tech- 
niques available in computer science 
literature. 


In Conclusion 


If you have the patience, sit down witha 
pencil and paper and attempt to perform the 
process I’ve just described. Many mathemati- 
cal books and papers contain random num- 
- ber tables you can use. As a result you 
should quickly see how this mathematical 
technique results in the creation of a model 
of some process. From there it is relatively 
simple to program. ; 

Do not be afraid to try your own 


improvements, but do so intelligently as you 
get a feel for the underlying processes. The 
process described herein is the basis for 
many computer versions of this artificial 
intelligence technique and has worked with 


‘varying degrees of success for a wide variety 


of goals. | might conclude from personal 
experience: Be careful how and to whom 
you ‘expose ‘this technique. There are many 
people who fear computers as they fear 
anything they don’t understand and their. 
enthusiasm for your creation may not match 
yours. With a good enough program model, 
however, you should be able to predict who 
these people will be. (Hmm... our artificial 
life has defense mechanisms. |® 


The following commentary was received from a reader and printed in the Technical 
Forum section of BYTE in the September 1977 issue. 


On Finite State Machines and Their Uses 


The two articles by M Wimble in the 


May and June 1977 BYTEs entitled 
“Artificial Intelligence. An Evolutionary 
Idea” ? provided much food for thought 
for me, as well as many others I’m sure. 
If | had a personal computer, I'd try 
a crack at the earthquake prediction 
model, | 

However much [ hate to dampen any- 
one’s spirits, { must point out a basic 
limitation to the system that Wimble 
has outlined. The implementation is 
based on what is called a deterministic 
finite state automation. It’s finite, since 
there are only so many states, and it’s 
deterministic, since when one goes from 
one state to the next there is no ambig- 
uity or uncertainty as to which state to 
go to next. Certain properties can be 
proved about what a finite state auto- 
mation can do and what it can’t do. 

First, what it can do: recurrent pat- 


Tpages 9 and 15 in this edition. 


terns are its forte. Given a recurrent 


pattern, the method Wimble outlines will 
construct a finite state automation that 
will predict what will happen next. - 

Now, what it can’t do: the determin- 


{stic | finite state automation cannot 


recognize or act upon all computer 
Janguages. You cannot use the method 
to teach your computer BASIC and ex- 
pect it to digest your Star Trek program. 
The language level is of a higher sort 
than that which a finite state automa- 
tion can recognize. A discussion of the | 
four levels of grammar as outlined by 
Noam Chomsky, and the machines used 
to recognize sentences in those grammars 
would be helpful. | might suggest that 
there are more fruitful lines of endeavor 
(like perpetual motion machines or faster 
that light travel) than teaching a determi- 
nistic finite state machine a language. 


Gerald Owens 
POB 9038 
Tucson AZ 85720 
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Natural Language Processing 


and Small Systems 


Introduction 


What can possibly be said about the use 
of natural languages, that is the languages 
people use, with small systems? Where 
research is done on natural language process- 
ing, it is done on the largest computers avail- 
able. To many computer scientists, the 
problem of enabling computers to under- 
stand natural languages at a reasonable level 
of competence is beyond the current tech- 
nology. Consider what are probably the two 
best natural language processors yet pro- 
duced by computer -scientists: -William 
Woods’ LUNAR system which -answered 
questions about rocks brought back from 
the moon, and Terry Winograd’s system 
which manipulated blocks on a table in 
response to English commands; both are 
quite large programs. LUNAR uses one task 
with 256 K 36 bit words to discover the 
meaning of the user’s query, then uses 
another task of 256 K words to answer the 
question. One question could take from 
three to 20 seconds to answer. Winograd’s 
system did not need the quantity of data 
that Woods’ system needed, but it still 
required 60K words of 36 bits to oper- 
ate in its limited world, consisting of a 
few blocks on a table. These are just two 
examples of the many natural language 
processing projects which have been con- 
ducted in recent years. These two {from 
the early 1970s) and nearly all the others 
since. then share the property that they 
are large projects done on large machines 
using large amounts of memory.-So what 
can possibly be said about natural language 


Harry Tennant 


processing and small systems? 

The small system user is severely limited: 
he or she has comparatively little memory 
to work with, few languages to choose from 
(and those languages are not particularly 
suited to the needs of natural language 
processing), and usually few aids to software 
development, such as secondary storage, 
editing facilities, and debugging facilities. 
But among small systems users, there is a 
growing interest in the application areas of 
artificial intelligence: intelligent game play- 
ing, math, science and engineering aids, 
robotics, and natural language processing. 
In this article the generat problems of 
computer based understanding of natural 
language are discussed briefly,. and a 
few techniques that can be used on small 
systems to do a limited amount of natural 
language processing are presented. .. 

Attempts have been made since nearly 
the dawn of computer history to make it 
possible for computers to understand the 
languages of people. It began as translation 
between natural languages, for example, 
from Russian.to English. That kind of work 
was not successful. Later, research moved 
into the areas of natural language query of 
data bases and the study of the structure of 
human thought and memory through the 
modelling of human language behavior on 
computers. This is the work that is being 
done today. It looks promising, but it is 
still too early to tell if the work will 
actually provide: users with the ability to 
communicate their thoughts to computers as 
efficiently as humans communicate with 
one another. - : 
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Natural Language Understanding 
on Computers 


A coriversation between two humans 
could proceed something like this: 


Sam: Joe, how’s your micro coming? 

Joe: OK. I’ve moved on to the video 
cards... 

Sam: When did you finish the cassette 
interface? 


Joe: Last week. It took tong enough for oo 


: the chip to come. 
Sam: Yeah, that’s why | always deal with 
the fastest companies. 
Joe: What do you think of the new 
: video timing generator? 
Sam: It will save sorne board space and 
maybe some money, too. 


We do not know much about Joe and 
Sam, but we do know from this conversation 
that they both know something about micro- 
processors. We know that Joe is building one 
and that Sam knows quite a bit about it. 


When asked how his micro is coming, Joe — 


thought of his computer, the problems he’s 
had on it, the last section that he has been 
working on, the sections that have already 
been built ...in other words, a great deal of 
information about his computer came to 


mind. Joe then thought of what Sam knew | 


of the computer, and chose a relevant piece 
of information that Joe thought Sam did not 
know, and said that he was working on the 
video section. Now, Sam knows a lot about 
the computer, too. He is thinking about it 
just as Joe is. And so the conversation pro- 
ceeds. Both Joe and Sam know a great 
deal about the computer. Both know about 
the problems of building a microprocessor, 
parts availability, etc. Their conversation is 


_ Short, it uses few words, but it manipulates 


very large information structures in each of 
their minds as the conversation takes place. 
The conversation is not just a trickle of 


’ words between Joe and Sam, but it is mainly 


an activity inside their brains involving a 
great deal of information. The trickle of 
words is not what is really going on, it just 
triggers what is going on. The real activity is 
happening in the minds of Joe and Sam. 
Now, what about a conversation with a 
computer? If it were to happen as the con- 


versation above did, the computer would 


need to know a lot about the microcompu- 
ter that is being built. In other words, the 
computer would need knowledge very much 
like Joe’s and Sam’s. It would have to have 
some way of representing information about 
microcomputers: what they are made of; 
how they are built; the particular micro- 
computer being discussed; its state of com- 
pletion; and so on. In addition to this, there 
must be some way for the computer to dis- 


cover what the words in the conversation are 
referring to. How does it know that the con- 
versation is about microcomputers, for 
instance? The word ‘“‘micro” could refer to 
a microbiology program. As if that were not 
enough, let’s say that the computer did 
interpret the first. question correctly, did 
have information about the microcomputer, 
and decided on something to tell the ques- 
tioner. It then has the task of presenting the 
information to the questioner in a form that - 


the will understand. Add to this problem that 


humans converse on a wide range of topics, 
and learn about new topics without even try- 
ing, and the problem of enabling a computer 
to converse like a human becomes a large 


. problem indeed. A full solution to the prob- 


lem is a long way off, and quite possibly will 
require hardware beyond what is available 
today (a HAL 9000, perhaps?). But there are 
many steps toward natural language process- 
ing that can be done without a HAL 9000 
and without 30 years of ‘fesearch and 
development. 

As mentioned above, there are three main 
problem areas in natural language processing: 


1. Representation of knowledge 
2. Associating words with ideas 


"3. Presenting ideas 


The problem of presentation of ideas by a 
computer will not be considered explicitly. 
Representation of knowledge and associating 
words with ideas will be considered in the 
next sections. 


Representation of ea ie 


Before we approach the problem of répre- 
senting knowledge on a computer, it: may . 
help to decide how to represent knowledge 
on a piece of paper. The first thing to decide 
is exactly what we want to represent. 

Consider the microcomputer systems in 
figure 1. 1f we want to be able to converse 
with a computer about such systems, we 
need some way of storing what is known 
about them. Some of the things we -know 
about System 1 are: 


1. It has an 8080 microprocessor. 

2. It has 1 K of read only memory. 

3. It has 2 K of programmable memory. 
4. Its only output is lights. 

5. Its only input is a keyboard. 


We know the following about System 2: 


1. It has an 8080 microprocessor. 

2. It has 1K of read only memory and 
1 K of programmable memory. 

3. It has a scale as an input device (it is a 
digital scale). 

4. It has a small keyboard as input. 


§.1t has as output a. display of decimal 
digits. 


The system can be represented hierarchi- 
cally (in outline form) as: 


System 1 
1. Processor 
8080 
2. Memory 
1K read only memory 
2 K programmable memory 
3. Output 
Lights 
4. Input 
Keyboard 
System 2 
1. Processor 
8080 
2. Memory 
T K read only memory 
- 1K programmable memory 
3. Input 
Scale 
Keyboard 
4. Output 
Decimal display | 


Now suppose we want to use this data . 


‘base to answer questions about System 1 
and System 2. (Note that a data base like 
this could be extended to include many 
other similar systems. It can be extended to 
as many as memory will allow. But, consider 
how trivial it is in detail and breadth com- 
pared to a human’s knowledge. For this 
reason, one cannot expect the computer to 
respond with anything like the intelligence 
of a human. The-relevant questions are 1) 
is there enough data in the data base to 
make it worth doing and, 2) is the English 
interface to the data good enough to warrant 
making it.) When asked what the processor 
is for System 1, we consult our outline 
of System 1, fook under “Processor,” 
and reply ‘that it is an 8080. When asked 


what the output for System 2 is, we consult — 


the outline for System 2, look under the 
output to find “Decimal display,” and we 
return that. When asked about the inputs to 
System 2, we respond that they are a scale 
and a keyboard. But note that a more com- 
plicated problem arises if we ask what kind 
of processor is in the system that uses the 


scale. First we must find all systems that .- 


use scales (we may not even realize that a 
scale is an input device). For all the systems 
using scales, we must then find what their 
processors are, and return that information. 
This is not a problem if we have only two 
systems, as in the example. But if we had 
many systems whose outline descriptions 
filled many sheets of paper, searching all 
the descriptions for the ones that use scales 
could be a major effort. One of the advan- 


tages of natural language is that items can be 
referred to by their descriptions instead of 
their names. We referred to System 2 not by 
its name, but by its description, ie: the 
system that uses a scale. Because this is such 


- an important feature of natural language, it 


is very important to be able to deal with it. 
One way of doing so is to make a new set of 
outlines for each of the items mentioned in 
the original outlines. For example: 


8080 
"1. Processor in 
1. System 1 
2. System 2 
_ 1K Read only memory 
1. Memory in . 
1. System 1 . 
2. System 2 
1 K Programmable memory - 
1. Memory in 
1. System 2 
2 K Programmable memory 
1. Memory in 
1. System 1 
Lights 
1. Output of 
1. System 1 
Scale 
1. Input of 
1. System 2 
Keyboard 
1. Input of 
1. System 1 
2. System 2 
Decimal display 
1. Output of 
1. System 2 


1K READ ONLY MEMORY 


SYSTEM | 


1K REAO ONLY MEMORY 


KEYBOARD 


SYSTEM 2 


Figure 7: System 7 and 
System 2 diagrammed as 
components connected to 
acommon bus. 


2K PROGRAMMABLE MEMORY 


KEYBOARD 


1K PROGRAMMABLE MEMORY 


OECIMAL DISPLAY 
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Figure 2: Simple semantic net. This net represents the connections of the components of System 7 and System 2. Each com- 
ponent is represented by a node. The nodes are related to one another through labelled links. Notice that the names chosen 


for the links and nodes are largely at the discretion of the net designer. 


Now, think again about representing a 
large number of systems in this way. It will 
take more memory, but it will provide 
access to items such as scale or 8080. If a 
hundred systems are represented on sheets 
of paper, we would probably have an index 
or table of contents to direct us to the 
appropriate page to find the outline we seek, 
thus speeding up the response. | have not 
forgotten that in many small systems the 
trade-offs between memory and processing 
time often are in favor of saving memory 
space. What is presented here is intended to 
illustrate the trade-offs, not to make the 
decisions for the user. 

It is easier to see this type of representa- 
tion when it is presented in graphic form. 
The representation used in figure 2 is called 
a semantic net. Each outline is represented 


rata : 


by a node and the relationships between 
nodes are represented by directed labelled 


_arcs. The idea of a semantic net is that nodes 


are entities and arcs are relations between 
entities. The net shown in figure 2 is not the 
way most natural language researchers would 


_ represent the information about our two sys- 


tems. For example, “System 2” is the name 


of something, it is not the thing itself. An 
8080 is a part of the thing whose name is 


“System 1,” and that thing that is called an 


- 8080 has the function of “Processor” in the 


thing called “System 1.” A diagram of 
representation fike this is shown in figure 3. 
it is more explicit and more correct than 


‘the representation of figure 2, but is harder 


to build, more difficult to interpret, and 
requires more memory to represent. 
Semantic nets, in whatever form one 


prefers, are a flexible and easily accessed 
way to represent knowledge. They simulate 


associative memory,.as humans seem to 


have. But how are they represented on a 
computer? The answer to this comes in three 
parts: 


1. Outlines can be represented by lists. 

2. Lists can be represented on computers. 

3. The index or table of contents to out- 
lines can be represented as a hashed 
table. 


Nodes can be represented in lists by hav- 
ing alternate elements be arc tabels and 
related nodes. We must first reduce each 
‘multiple word node name and arc label to 
single word names, then just list them as 
follows: 


LISP CELL 


fa} 


SURGE EXPLODED 


(6) 


POWER SUPPLY 


BREW 


Figure 4: LISP cells. In (a) a LISP cell is shown. In an actual implementation 
there may be some additional bits in the CAR and CDR to carry information 
_ about how the cell is used (whether it is an atom, for instance). In (b) the list 

of words (THE POWER SURGE EXPLODED MY 8080 CHIP) is shown asa 
_string of cells. The pointers that point to the words are actually pointing to 
_ the cells that represent those words (see figure 5)..1n (c) the cell representa- 

tion of an embedded list is shown. The list is (MY POWER SUPPLY (A 
"HOME BREW AFFAIR) WAS NOT PROTECTED). 
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8080 - (Processor-in (System 1 System2)) 

System 1 (Processor (8080) Memory (1 K Read 
only memory, 1-K .. Programmable 
memory) Output (Lights) Input (Key- 
board)) 

Keyboard (Input-of (System1 System2)) 


Most natural language projects are written 
in LISP because of its ability to handle list 
processing better than most other languages. 
Lists are represented in LISP in the follow- 
ing way: A list is composed of cells. Each 
cell has two parts, as shown in figure 4a. The 
two parts are called the CAR and the CDR 
of the cell. Each entity (node in the seman- 
tic net) is represented by a unique cell. A 


‘list of words would be represented by a 


string of cells. The CAR of each cell points 
to a node cell and the CDR points to the 
next cell in the string. The CDR of the last 
word has an end of list marker in it. A list 
of words (‘The power surge exploded my 
8080 chip”) is shown in figure 4b. 

A list can be represented within another 


_ dist by having a CAR point to the first 


element of the inside list, instead of point- 
ing to a node cell. A list within a list (My ~ 
power supply (a home brew affair) was not 
protected) is shown in figure 4c. 

The index table for finding node names 
is provided automatically in LISP. The 


~ table is called the OBLIST or OBARRAY 


and the lists are called PROPERTY LISTS, 
If you donot happen to have LISP, the 
index table can be built as a hashed table 
of node cells with associated pointers to the 
property list associated with that name. A 
diagram representative of the whole config- 


uration is shown in figure 5. 


If the cell is a node cell, the CAR points 
to a location where the name of the cell (the 
character string) is held. The CDR points to 
another cell which is the beginning of the 
property list of the node. In cells that are 
not node cells, CARs and CDRs are both just 
addresses that point to other cells. (One ex- 
ception is the cells that represent the rela- 
tionships between nodes. These will also be 
on the OBLIST as “‘node cells,” but their 
CDRs will contain end of fist markers 
instead of pointers to-property lists.) in 
LISP, a special bit is set to designate whether 
a cell is a node cell (called an ATOM in 
LISP) or just a regular cell. The amount of 
memory that needs to be addressed by the 


’ CAR and CDR of each cell determines the 


number of bytes that each cell must be 
composed of. 


Associating Words with Ideas 


~The process of understanding natural 
languages certainly has something to do with 


associating words with ideas. It should be 
stressed from the beginning, however, that 
when humans understand something it is a 
process that uses much more than just word 
definitions. The process of understanding in 
humans involves interpreting the words they 
hear or see with the various meanings for 
those words, all viewed in the context of 
the current conversation, the environment 
of the conversationalists, and other factors. 
For example, the sentence,’ “I’ll take a 
pancake,” can be assumed to mean very 
different things depending on whether it 
is heard in Uncle John’s Pancake House, or 
in a store that sells fans for relay racks (a 
pancake fan), or if it is said at a cosmetic 
counter (pancake makeup). The various 
conflicting meanings of “pancake” do not 
even occur to the people in question. A 
waitress would be unique indeed if she 
asked her customer if she preferred the 
pancake on a plate or on her face! 

The problem of multiple meanings, 
contexts and other details of understand- 
ing will be ignored for the time being. 
In a small system there are limits to what 
can be done linguistically (in this respect, 
all contemporary systems seem small!). But 
a step toward natural language can be taken, 
however small. The goal we will assume is 
that an inexperienced user will be able to 
address the natural language processor in 
language that the user is most fluent in, 
and that the language processor will respond 
in a manner that the user finds appropriate. 

We will be considering a situation in 
which natural language is being used as an 
interface language between a user and either 
procedures or data in a computer. The user 
types a sentence and the computer interprets 
the sentence and does what it is understood 
(by the computer) to mean. For example, 
say the computer holds a data base about 
various microprocessor systems like the one 
that was described above. The user asks 
questions about the systems and the com- 
puter provides answers. 


Keywords 


The simplest method of interpreting a — 


sentence is to look for particular words, 
called keywords. tf a keyword is found, a 
response is output. For our system, a useful 
set of keywords would be the names of all 
the nodes in the semantic net. For a re- 
sponse the system could print the property 
list which represents how ‘that node is 
related to other nodes in the net. For 
example: 


User: Tell me all about system] 
Computer: System] 
Processor 
8080 


Memory 
1 K Read only memory 
1 K Programmable memory 
Output 
>. Lights 
Input 
Keyboard ; : 
User: What information do you have on lights — 
Computer: Lights 
Output-of 
Systeml 


These responses would be quite appropriate 
for the questions asked. Major improvements 
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Figure 5: Representation of atoms. Each node in the system is represented by 
a unique cell, here called a node cell. In this figure the node cells for three 
nodes are shown, for 8080, SYSTEM1, and SYSTEM2, The CAR of each 


“node cell points to a place in memory where the character string of the name 


of the cell is stored. The CDR of each node cell points to the property list of 
the node. The property list of the 8080 node is shown. The pointers to words 
shown in figure 4 are actually pointers to the node cells of the words. All 
node cells are chained together by the OBLIST. The character string names of 
the nodes are stored ina part of memory that has not been divided into cells. 
The CARs of the node cells point to an address that specifies the number of 
the characters that follow that are included in the character string of the 
name of the node. Links have cells on the OBLIST, just as nodes do. The only 
difference is that links do not need property fists. The pointer to Processor-in 
would actually be a pointer to the cell that represents Processor-in. 
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can be had. by a few simple changes, how- 
ever. First, what would happen to “Tell me 
what you know about keyboards”? The 
language processor would not’ recognize 
keyboards as the same as “keyboard”, 
so no information would be found. The 
easiest way around this problem jis to strip 
the Ss off all the node names when building 
the semantic net, then strip them off all the 


words input by the user. However, this pro- 


cedure runs into problems for words that 
end in S, like “process”. Another problem 
is words ending in “es”, like “processes”. 
Actually, there are algorithms for analyzing 
word endings that correctly reduce words 
to their roots for neatly all the special cases 
like these. 

The whole problem of word endings can 
be avoided by using a universal character. 
A universal character is one that matches all 
other characters. If # were a universal char- 
acter, the node names could be written as 
“light#” and “process#”. These would 
match “light” and “lights”, “process” and 
“processes”. Tricks like this can help, but 
may -produce problems. by also matching 
“lightning” and “lighter”, “processor” and 
“processing”. Therefore, universal characters 
must be used with care. 

Another improvement deals with nodes 
that have multiple word names. A user 


. would probably ask about “system 1” instead 


of “‘system1’’. Multiple word ‘names can be 
handled by more property lists, one for each 
first word in multiple word names. These 
property lists would contain a list of the 
words of the multiple word name, followed 
by the corresponding node name in the 
semantic net. For example, system1 and 
system2 could be referred to by: 


System (Mult-wrd-names ((1) System1 (One) 
System1 (2) System2)). 


This property list signals the language 
processor that “system 1”, “system one” 
and “system1” are all to be interpreted as 
“system1”. Also, “system 2” means the 
same as “‘system2”. 

The same mechanism can be used to 
allow synonyms. System 1 may be affec- 
tionately known as the “Bit Byter”, “Old 
Smokey” (for its power supply problems), 

r “Zapper”. These names can be interpre- 
ted as the same as “system 1” with the 
following property lists: 

Bit (mult-wrd-names ((Byter) System1)) 


Old (Mult-wrd-names ((Smokey) System 1)) 
Zapper (Mult-wrd-names (() System1)). 


Just as universal characters can be used, 
universal words and phrases can simplify 
specifying a large set of synonyms. ‘For ex- 


ample, the multiple word name (President # 


Washington) -would match all phrases that 


begin with “President” and end with “Wash- 
ington”. This would match (President 
Washington), (President George Washington), 
(President G.Washington and also (President 
Ford never met George Washington). 

A relevant question is: What good is 
putting the keyword in the middle of a 
sentence? Why not just have the user type 
keywords and forget about the rest of the 
sentence? There probably are few if any 
good reasons for trying to create an illusion 
of natural language understanding in this 
way other than that it is a fun trick. ° 


Nodes and Links 


The keyword approach to natural lan- 
guage processing is imprecise, and so it is 
prone to many errors and misinterpretations. 
There is an approach that is somewhat more 
precise, and allows correct interpretation of 
much more -complex sentences without 
being much more complicated. This method 
involves identifying both node names and 
link names from = the semantic net, then 
combining them to print only the parts 
of the semantic net desired by the user. 
‘The link names in our example are proc- 
essor, memory, input, output, processor in, 
memory in, input of, and output of. There 
will usually be many fewer fink names than 
node names. A user’s sentence is processed 
by collecting node names, then link names, 


as in: 


Give me the Old Smokey processor and 
output. 


Using a previously mentioned definition this 
js seen by the processor as: - 


XXX XXX XXXX System] ‘processor xxx output 
_ (node) (link) (link) 


to which the appropriate response is: 


System1 
"Processor 
8080 
Output 
Lights. 


The response is formed by searching the 
property list of the node mentioned for each 
link named. Then the node name, the link 
name, and the names of the nodes pointed 
to by the link are printed in outline format. 

If link names are found to the left of 
node names in the sentence, the inverse link 
names must be substituted. For example, 


What are the input of and processor in n system 25 
is seen as: 


XXXXX XXX XXX input-of xxx processor-in system2 
(link) (link) (node). 


The reverse links are used, and the senterice 
is reinterpreted as: 


system2 input processor. 


The property list of system2 is checked for 
input and processor links and the folowing 
is printed: 


System2 
Input 
Scale 
Keyboard 
Processor 
8080. 


This process is diagrammed in figure 6. 
This technique will allow quite complicated 
sentences to be interpreted if synonyms are 
chosen judiciously for nodes and links. Users 
on a natural language processing system tend 
to use very short and incomplete sentences if 
they can, which is also allowed with this 
system. 


Conclusions 


There is naturally a lot that keyword 
based systems cannot do that humans 
can. For instance, keyword systems cannot 
understand pronouns, or when to. use 
different word meanings (like pancake). 
Humans have little trouble using these. 
The difference is, of course, in all the 
information that keyword systems throw 
out when they disregard all words that 
are not keywords. Also, words carry with 
them more than just a definition. Most 
words say things about the words that are 
surrounding them. The word ‘“‘the’’ says 
that the word to its right is either a noun 
or a noun modifier. In the system described 
above, the keyword “input of” tells us 
that either some kind of input device has 
preceded this phrase in the sentence, or a 
reference to a system will follow it (‘what 
is the input of system 2”), or both (‘a key- 
board is input of system 2”). 

Natural language research today has 
moved far beyond the realm of keyword 
analysis to use not only knowledge about 
words, but knowledge about the things 
and events that the words refer to, and 
knowledge about the way. text and con- 
versations are structured. In a data base 
like the microcomputer data base used 
here, the system would retain information 
about the components that every system 
would probably have, the probable uses of 
systems, more detailed information about 


each of the components, and so on. The 


information that a human uses when dis- 
cussing microcomputers would be collected 
and added to the knowledge base to be 
used when the computer is discussing micro- 
computers. This information is grouped into 


LINK. , NODE 


@:*END OF LIST 
START 


Figure 6: Node and link interpretation. This 
simplified method of interpreting which 
nodes and links mentioned ‘in a sentence 
should be associated will often assume the 
proper interpretation to the input sentence. 
However, node and link names and syno- 
nyms must be chosen with care. A more 
successful method requires greater atten- 
tion to words other than those in node 
and link names, particularly conjunctions, 


- prepositions and relative pronouns. 


collections and the collections are associated 
with the concepts they describe. 

It is nearly impossible to discuss how 
well such a system can work. We do not yet 
have any kind of scale for measuring natural 
language performance if it falls into the 
subhuman range. The only really useful mea- 


sure is whether or not it does what it is. 


supposed to. Unfortunately, that too is 
difficult to ascertain. | have implemented 
a system like the fink and node system 
described here, but it was quite a bit more 
complex. {t attempted to account for 
every word in the sentence in order to 
prevent misinterpretations. It handled pro- 
nouns fairly successfully and was good at 
identifying items by their description. 
It responded to the user in full sentences 
and in outline form. {t also required a large 
system to run on, primarily because it had 
a fairly large data base. With all this, it 
still usually took a new user several examples 
before he could communicate with the 
system in a useful way. 

With this experience; what do | think 
natural language systems can do on small 
systems? The question is vague, so the 
answer is vague: a little bit, but not too 
much. That not-very-helpful answer means 
that one must decide why he or she wants 
a natural language processor, then consider 
the techniques described in this article to 
decide if they will meet his or her needs. 
These techniques must then be compared to 
nonnatural language techniques. 

The benefit of the language understand- 
ing: techniques described here is primarily 
based on the power of the semantic net 
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representation. Semantic nets have one 
advantage over other representations: in 
that concepts are associated in a way sim- 
ilar to the way they seem to be associated 
in human memory..An important aspect of 


. using natural Janguage as an interaction 


fanguage between humans and .computers 
is that, if it works, it allows the user to 
state his requests in thé same way that he 
thinks about his requests. A user using 
natural language to interact with a com- 
puter is manipulating an enormous amount 
of information in his or her mind, encoding 
a small part of that knowledge into the 
words of the: conversation, assuming that 
the listener (the computer) can use these 
few words to manipulate its large informa- 


tion structures. On a small! system, the in- 
formation structures that the computer has 
to manipulate can not be nearly as large as 
the human’s. The words of the conversation 
can be associated with ideas, but not on the 
lavish scale of association available to 
humans. Finally, most of the words of 
the conversation are thrown away using the 
techniques that.a small system can support.’ 
What natural language processing can be 
done on small systems? Not enough to be 
able to compare it to natural language proc- 
essing in humans, but perhaps enough to 
allow a user to learn to Communicate effec- 
tively with the computer in a way that is 
close to the way the human brain thinks: 
through . associations -and descriptions.@ 


SIMULATION OF MOTION 


Simulation of Motion: 


Part 1: An Improved Lunar Lander Algorithm 


One of the most delightful applications 
for personal computers is games, not just 
playing them, but creating them. If you are 
like most enthusiasts, you will have begun 
with random number games like blackjack, 
but sooner or later you will want to work 
with games involving moving objects. To 
describe that motion using a microcomputer 
you will need to use a form of simulation. 
The simulation could involve detailed mathe- 
matical models solved with elegant numeri- 
cal techniques. 

More likely, the novice will begin by fol- 
lowing the pattern of the simple lunar 
lander games which have appeared often 
in BYTE (see “Kim Goes to the Moon,” by 
Butterfield in Apri! 1977 BYTE, or “Con- 
trolling Small DC Motors with ‘Analog 
Signals” by Dwyer, Critchfield and Sweer in 
September 1977 BYTE). The truly ad- 
vanced simulations are best left to pro- 
fessionals with mainframe computer power, 
but the home user can progress well beyond 
the simple lunar Jander game. By picking up 
the basic physics and simple numerical 
methods - presented in this article and the 
following ones, you will learn to simulate 
a wide variety of motion. Whether you use 
these simulations to create games, like the 
real time LEM simulator presented here, or 
to develop new applications for your per- 


Stephen Smith 


sonal computer system, you will acquire 
some valuable additions to your applications 
software toolbox. 

For any application involving motion, 
your simulation will be required to predict 
the speed and position of an object at some 
time in the future. The predictions can be 
made using a microcomputer if you first 
limit the type of motions considered at 
any point in the program. In the lunar 
lander. game, for example, the excursion 
module (LEM) is only allowed to move up 


and down. The simulation is said to have one 


degree of freedom. Other -degrees are 
possible, but the separation into different 
degrees of freedom is an important first 
step. bt 

Let’s see how a one degree of freedom 
simulation is performed. Thanks to Sir Isaac 
Newton and his apple (that was a fruit, not 


“a computer), we know that an object will 


continue to move in any degree of freedom 
without changing speed until a force acts 
on it. To predict how the LEM will move, 
we need only to examine the forces which 
might be present and determine how they 


“effect the up and down motion. 


Because the moon has no atmosphere to 
involve us in aerodynamics, only two forces 
need be considered, gravity and thrust. 
Gravity makes the LEM fall faster. Thrust 
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Generic Unit 


Length 
Velocity 


Acceleration 
Mass 


Force 


Metric 


1 meter 
1 meter per second 


1 meter per second per second 


1 kilogram 


7 newton 


3.2808 feet 

3.2808 feet per second 

2.2369 miles per hour 

3.2808 feet per scond per second 
2.2046 pounds (mass) 

0.0685 slugs (mass) 

0.2248 pounds (force) 


Table 7: This article was written using the metric system of units. As the 
front runners in an exciting new technical hobby, we should be more ready 
than most to accept the coming metric conversion in this country, but if you 
haven't been converted yet, the above table will be useful. 


Heavenly 


Body 


Moon 
Earth 
Mercury 
Venus 
Mars . 
Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 


makes it fall more slowly. The exact effect 
of each can be calculated with only a few 
operations. 


Gravity is the simpler of the two. It has 


exactly the same effect on every object. 
During each second of a Junar landing near 
the moon’s surface, the moon’s gravity will 
make a LEM fall 1.62 meters per second 
faster. (Those of you who wish to land on 
more exotic heavenly bodies are referred 
to table 2.) In most simulations, speed and 
position are considered positive if they are 
directed upward, in this case away from the 
lunar surface. To simulate 1 second of fall 
through lunar gravity we must subtract 1.62 
meters per second from the present speed. 
if the LEM is moving at -100 meters per 
second now (100 m/sec downward), 
second later it will be moving at -101.62 
meters per second, 

In many games, the effect of thrust is 
also simulated by a constant change in 
speed. Often it is given in multiples of 
gravity called “‘g”s. One “‘g” of thrust adds 
1.62 meters per second to the speed, just 
as -gravity subtracts that amount. Two 
“g"5 add twice that, and so on. This 
assumption reduces the complexity of the 
simulation, but it fails to demonstrate the 
way in which forces actually cause changes 
in speed. 


Surface 
Gravity 


Heavenly Padi deie 
m/sec 


Body 


~ Asteroids 
Ceres 
Pallas 
Juno 
Vesta ; 
Jupiter’s moons 
Ganymede 
lo 
Europa 
Callisto 


OmNO SOoS 
NORR BRE 
a 


COOOW Wa 


Note that the gravitational accelerations shown in this table are surface accelerations, 
‘ valid during the final stages of a landing when a spacecraft is relatively near the heavenly 
body. A more complicated simulation is required if movement far away from the hea- 
venly body is contemplated. 


Table 2: Players who grow adept at funar landings may wish to try landing 
on some other heavenly bodies. The eee table of accelerations due to 
. gravity is provided for them. . 
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Unlike gravity, forces such as thrust do 
not have the same effect on every object. 
They have'a larger effect on light objects 
than they have on heavier ones. It. is 
important to consider this fact in accurate 
simulations, -because weights can change. 


‘The LEM becomes lighter as it burns fuel 


to create thrust. A given value of thrust 
will have a -farger effect toward the’ ‘end 
of the flight than it will at the beginning. 
Weight is not really the correct term to 
use when calculating that effect. We should 
talk instead of mass. The difference is 
subtle, but important. Mass is a basic pro- 
perty of matter. Weight is the result of 
gravity pulling on the mass. A man on the 
moon weighs only 1/5 as much as he does 


‘on earth, but his mass is the same. This is 


true because the moon’s gravity pulls only 


‘1/5 as strongly on his mass. The effect of 


a force is determined by the mass of an 
object, not by its weight. A given thrust 
will have the same effect on a LEM whether | 
the LEM is landing on the moon, on earth, 
or is floating “weightless” in space. 

In the metric system, the unit of mass 
is the kilogram. The unit of force is the 
newton. These units are very convenient 
for calculating the effect of a force on the 
motion of an object. The force (in newtons) 
divided by the mass (in kilograms) is exactly 
equal to the rate of change in speed 
(‘‘acceleration” in meters per second per 
second): No additional constants are needed 


"as they are when units of feet and pounds 


are used. For example, Jet our LEM have a 
mass of 1000 kg and let its engine produce a 
thrust of 10,000 newtons. To simulate 1 
second of thrust, a program would add 10 
meters per second to the speed (10000/ 
1000) to account for 1 second’s worth of 
acceleration. 

Remember though that during the same 
second 1.62 meters per second must be sub- 
tracted to simulate the effect of gravitational 
acceleration. The actual change in speed will 
be 10.- 1.62=8.38 meters per second. In two 
seconds, the change will be twice that or 
16.76 meters per second. In half a second, 
the change will be one half as much and so 
on. While this may seem obvious, it illus- 
trates an important point. The change that 
each force makes in the speed in 1 second 
may be determined separately. The separate 
effects are added up and then multiplied 
by the length of time we are simulating 
to find the actual value the simulation pro- 
gram will add to the speed. 

Now that we can predict speed, tet’s 
apply the same technique to predict the 
position. We have shown that if the LEM is 


_ moving downward at 100 meters per second 


now, (speed=-100) then in 2 seconds the 
speed will be -100.+2.x(THRUST/MASS 


-1.62). Similarly, if the LEM is 10000 
meters above the moon now, in 2 seconds it 
will be 10000.+2.x(speed) meters up. Just as 
we multiply the forces by time and add the 
product to the speed, we multiply the speed 
by time, and add the product to the posi- 
tion. 

What we have just done is to predict the 
speed and position at a “‘step” of 2 seconds 
into the future. In the jatgon of simulation, 
2 seconds is the step size. The step size can 
take any value you choose. Returning to the 
1000 kg LEM, let the step size be 0.1 
seconds. For a present speed of -100 meters 
per second, the speed predicted for 0.1 
seconds in the future is-100.+0.1x(10000./ 
1000.-1.62)=-99.16 meters per second. If 
the position now is 10000 meters, then the 
position predicted for 0.1 seconds in the 
future is 10000.+0.1x(-99.16)=9990.08 
meters above the moon. ; 

Using these values of speed and position 
we can find new values for the forces and 
mass. We can then step the simulation into 
the future once again. The process can con- 
tinue indefinitely, but usually one or more 
variables is tested for an end condition at 
each step. The test might be on position 
(Are you still above the moon?), on mass 
(Is there fuel remaining?), or on some other 
variable. Should any of the tests fail, the 
program will branch and end the simulation. 


Adding a New Degree of Freedom 


You know the basic procedure for simu- 
lating motion in one degree of freedom. 
The LEM simulation has been in one degree 
because we have only predicted the up and 
down movements. These are called vertical 
motions. Suppose that we also predict the 
way the LEM moves horizontally, in other 
words, from side to side. The pilot must not 
only reach the surface of the moon success- 
fully, but also Jand close to his target. While 

- the ‘pilot’s’ task has‘ become .more compli- 
cated, our ‘simulation fortunately has not. 
Just as'we are able to calculate the effects 


Photo 1:.A scene from the “lunar lander” program which is the Digital 
Equipment Corporations’s graphics equipment demonstration program. 
This simulation is a real time model of a lunar landing in which a light pen 
is used to input control information and displays track the landing. The 
object of the game is to land near (but not on) the only MacDonalds’ ham- 
burger stand on the moon. This simulation, like the one discussed in the . 
article, has two degrees of freedom; superficially it differs from the program 
of this article largely in its incorporation of real time graphic display light pen 
control inputs and a model of the Junar terrain. , 


of each force separately, we are able to 
make calculations for speed and position 
separately in each degree of freedom. 

To make those calculations for the 
second degree of freedom, first determine 
what forces are acting. Gravity, by defini- 
tion, acts only up and down. It does not 
enter into the horizontal calculations. So far, 
thrust has. also been limited to vertical 
action, but we can- easily add a second 
thrust acting to the side. Positive horizontal 
thrust should cause the LEM to move left, 
while negative thrust moves it right. 

Since there are no other forces to con- 
sider, the change in horizontal velocity (in 
meters per second) will be exactly equal 
to the horizontal thrust (in newtons) divided 
by the mass (in kilograms). This is, of 
course, the same equation used in the first 
or vertical degree of freedom. Similarly, the 
same equations used to calculate vertical 
speed and position will be used to calculate 
horizontal speed and position. 

Return to the example used earlier, but 
also consider the horizontal motion. Let the 
LEM start-100 meters to the left of its 
target moving at 10 meters per second to 
the right. Generally motion to the left will 
be considered positive and to the right 
Negative, so the horizontal speed is -10 
meters per second. We found that during a 
step of 0.1 seconds the vertical speed 
changed from -100 to -99.16, and the 
position changed from 10000 to 9990.08. 
Quite apart from those calculations, we may 
set-a horizontal thrust, say 5000 newtons, 
and find that during the same step the 
horizontal speed will become -10+0.1x 
(5000/1000) or -9.5 meters per second. 
The horizontal position will become 
100.+0.1x(-9.5)=99.05 meters. — After 
making these calculations, the simulation 
program should check for end conditions . 
and, if none are found, begin another step. 

~The speed of a computer makes it 
possible to find results quickly for times far 
into the future, even if the step size is quite 
small. This is fortunate, because as our simu- 
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Listing 1: Most of the funar landing games 1 
have seen are not flexible enough to runa 
two degree of freedom real time simulation 
as described in this article, so | have included 
this listing. At each initialization, _ this 
program finds a random set of starting 
conditions (speed, position, mass, etc) that is 
consistent with a safe landing. It then keeps 
track of speed, position and fuel con- 
sumption, printing them as required, and 
indicating when the surface -has - been 
reached. The following adjustments will have 
to be made by each user: 


1. Function USR(X) must be provided to 
return the current desired thrust 
settings, O to 100% in the vertical 
direction, and ~100 to +100% in the 
horizontal direction. These inputs are 
best achieved by analog to digital con- 
version from joysticks or slide pots. 

2. The step size and print interval must 

be adjusted for your system clock and 

peripheral speed in order to simulate 
real time operation accurately. 

Function RND(1.) is assumed by the 

program to return values between 0. 

and 1. Alterations may be necessary 

to suit your version of BASIC. 

4, The comments printed by the program 
have deliberately been kept short. A 
better game could be fashioned by 
adding instructions, . comments . on 
performance, low fuel warning, -etc. 
tn other words, customize the simula- 
tion to suit your own tastes. 


3. 


lation stands now, an error is introduced at 
each step that becomes worse as the step 
size becomes larger. The error. occurs 
because in a real LEM the mass and speed 
are changing all the time, but in our simula- 
tion they can be changed only between 
steps. A: variety of numerical methods 
have been developed to cope with ‘this 
problem. In our example, simply using 
the average of the beginning and ending 
values in each step would be quite effective. 
Actually, if the step size is small, say 0.01 
seconds, even this is not necessary. It is true 
that by using the average values the program 
could be made to run faster, but it would 
also need to store several extra variables, 
require more lines of code, and use more 
memory. Obviously, there are trade-offs to 
be made among speed, accuracy, complexity 
and size. In each simulation, the programmer 
must decide which combination is best. 

For our games application, the combina- 
tion is not critical. A high degree of accuracy 
is not required, and the program is short 
enough that memory requirements should 


010 REM LUNAR LANDING SIMULATION 


‘020 REMSET FUEL SAFETY FACTOR 


025 -REM ADJUST TO CONTROL DIFFICULTY 
030 LET S=1.3 : 
040 REMSET STEP SIZE AND PRINT INTERVAL 
050 LET D=0.01 

060 LET K=1.0 . 

070 REM SET GRAVITY ACCELLERATION 
080 LET G=1.62 

090 RANDOMIZE . 

100 REM SET NEW STARTING CONDITIONS 
110 LET M=1024.+1024.*RND(1.) 

415 PRINT “LEM MASS =",M 

120 LET F=G*M*(4.+4.*RND(L.)) 

130 PRINT “MAX THRUST =",F 

140 LET A=1.333*F/M-G 

150 LET V=F/M*64.*RND(1.) 

160 LET U=0. 

170 LET Y=V**2./(2.*A)*(1.4RND(1.)) 

180 LET X=V 

182 REM VIS VERTICAL SPEED 

184 REMU IS HORIZONTAL SPEED 

186 REM Y IS VERTICAL POSITION 

188 REM XIS HORIZONTAL POSITION 
190 REM HALF OF MASS IF FUEL 

192 REMM-P IS FUEL REMAINING 

200 LET P=M/2. 

210 REM FIND FUEL BURN RATE, I 

220 LET I=(2.*¥4+V**2./G)/(1.4+A/G) 

230 LET I=P/(SQR(I/A)*F*S) 

240 PRINT “ALTITUDE, SPEED, FUEL, RANGE” 
250 REM BEGIN DECENT CALCULATIONS 
260 PRINT Y, V, M-P,.X 

270 LET T=0. 

280 IF M=P THEN 360 

285 REM GET VERTICAL THRUST 

290 LET A=USR(1.)*F/100. — 

300 REM GET HORIZONTAL THRUST © 

305 LET B=USR(2.)*F/100. 

310 LET M=M-(A+B)*I*D 

320 IF M>P THEN 360 

330 PRINT “FUEL EXHAUSTED” 

340 LET A=0. 

342 LET B=0. 

350 LET M=P 

358 REM PREDICT NEW J, V, X,Y 

360 LET V=V+D*(G-A/M) 

370 LET U=U+D*B/M 

380 LET Y=Y-V*D 

390 LET X=X-U*D 

395 REM TEST FOR END CONDITIONS 
400 IF Y<4. THEN 440 

410 T=T+D 

420 IF T>K THEN 260 

430 GOTO 290 

440 PRINT “MODULE HAS LANDED” : 
450 PRINT “SPEED=",V - 

460 PRINT “RANGE =",X 

470 IF V<8. THEN 500 

480 PRINT “BETTER LUCK NEXT TIME” 
490 GOTO 110 

§00 IF X<128. THEN 530 ; 
510 PRINT “ITS A LONG WALK TO BASE” 
§20 GOTO110.._. 

§30 PRINT “CONGRATULATIONS, GOOD LANDING” 
540 GOTO 110 

550 END 


not be a problem. The selection of speed, 
however, presents an. opportunity that 
is unique to the user of a dedicated system. 
With a little trial and error, it should be 
possible to find the step size which causes 
your system to take exactly 1 second to 
calculate and display the speed and position 
1 second into the ‘future..One machine 
might do 100 steps of 0.01 seconds and then 
print the speed, etc. Another might do 64 
steps of 0.015625 seconds before displaying 
new results. Still another, with slow 
peripherals, might output speed and position 
only once every 2 or 3 seconds. In any case, 


as long as the simulated data appears at 


the same time that real data would, your 
system will be said to be running a real time 
simulation. A real time lunar lander game 


gives you exactly the same time to react as” 


would be given a real excursion module 
pilot. 


To help you implement this idea on your 


own system, a BASIC language program has 
been included with this article as listing 1. 
it should be easy to follow, but a few points 
‘are worth explaining. At each step the pro- 
gram will need to obtain the thrust settings. 
This is done through a function called USR. 
Because systems differ widely, the content 
of USR is left to you. Some systems will be 
able to use a register. to hold the thrust; 
others will access memory location; and 
some may have to query an input port. Also 
left to the user is the manner in which the 
thrust settings are updated. Obviously, they 
cannot be entered at the keyboard for each 
0.01 second step. The keyboard could be 
used via an interrupt routine however. 
Ideally, you could implement Thomas 
Buschbach’s joystick interface (March 1977 


BYTE, page 88) to allow continuous control 


__ of thrust in both degrees of freedom. What 


began as a simple game will now have 
become a real time lunar landing simulator 
requiring quick thinking and a good bit of 
practice to master. eee 

If you use this idea then my article will 
have succeeded in its purpose of introducing 
some of the basic concepts of simulation. 
Techniques like separating the problem 
into degrees of freedom, determining the 
effect of each force separately, and stepping 
the simulation into the future are all 
fundamental to any prédiction of motion. 
The differences between this lunar lander 
game and the complex simulations used in 
the space program lie in the way forces 
are determined and in the numerical 
methods used to calculate speed arid posi- 
tion. In succeeding articles, other applications 
for simulation on microcomputers will be 
discussed as a means for demonstrating some 
of those advanced techniques. For now, 
try applying the ideas presented here to 
create a game of your own.® 
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Two readers of BYTE Magazine submitted recommendations for modifications to the 
Lunar Lander Algorithm. These were printed in the BYTE’s Bugs section of the April 


7978 issue. 


One Step at a Time 


1 was glad to see S P Smith’s article on 
simulation in November 1977 BYTE, page 
18.1 That happens to be my specialty and 
an area that | feel has been neglected 
in personal computing. I’m afraid Steve 
erred in his discussion of the numerical 
integration, though. Over a given step, 
the average speed is equal to half the 
sum of the initial and final speeds. In 
the example, the average speed is 1/2 
(100 + 99.16) = 99.58 meters per sec- 
ond. Thus the LEM will fall 9.958 meters 
in 0.1 seconds, and the new position 
will be -10000. —9.958 = 9990.042. 
Admittedly, the difference is small 
and if we take a small enough step 
size, it becomes negligible. However, 


steps of integration cost computer time, — 
and if we’re going to have a real time 
simulation, we need to get the most 
accurate integration for a given step 
size that we can. Just for the record, 
there are many much more accurate 
algorithms for numerical integration. 
At work we use a second-order method . 
for all real time work. It’s hardly more 
complicated than Steve’s {requiring saving 
only one back point) but about two 
orders of magnitude more accurate. 


Dr Jack W Crenshaw 
2114 Cecille Dr SW 
Huntsville AL 35803 


Improving an Improvement 


‘In the November 1977 BYTE an 
article called “An Improved Lunar 
Lander Algorithm” by Stephen P Smith 
(page 18)! has one small bug in it. If the 
user is using an interactive terminal to 
input the values for vertical and hori- 
zontal thrust, a situation can arise where 
the LEM can gain mass. This ishow: if the 
value for USR(1.) is zero, simulating 
free fall, and the value for USR(2:) is 


Tpage 35 of this edition. 


negative; then the equation M=M— 
(A+B)*1*D results in M=M—(0+(—B)) 
*|*D=M+B*I*D. In order to avoid this 
Situation, we suggest that your inter- 
active users change the mass equation 
to M=M—(A+ABS(B))*I*D. This new 
equation also prevents the case where 
the mass remains the same after a burn. 


R Jovonovich 

G Leenarmen 

Sperry Univac 

2276 Highcrest Dr 
-Roseville NM 55113 


Simulation of Motion 


Part 2: An Automobile Suspension 


Have you ever taken your system out toa 
club meeting or demonstration, only to find 
that something is ruining your car’s hand- 
ling? Was it because of the heavy power 
supply in the back seat? Would heavy duty 
shock absorbers help? You can answer these 
questions using your personal computer and 
the simulation techniques found. here. 

Part 1 introduced some basic ideas used 
in simulating motion. A games application 
was used as an example. In this section | 
shall expand on that base, explain some 
additional ways that forces can act, 
and demonstrate a more accurate technique 
for computing speeds and positions. The 
example I’ll use will be a simulation of an 
automobile suspension and its response 
to a varying road surface. Automobile 
enthusiasts will be able to see how different 
springs and-shock absorbers would affect 
the way a car rides. More important, all 
computer users will acquire some additional 
tools to -use in their own simulations and 
gain insights into new applications for their 
personal systems. 

First, let’s review the basic points made in 
the last article. When beginning a simulation, 
you will first divide the motion being 
simulated into degrees of freedom. In other 
words, you will decide» which motions 
you want to simulate, up and down, side 
to side, etc. From then on, calculations 
will be made separately for each degree of 
freedom. Next. you will decide which 

. forces are acting in each direction and 
determine how much each force: would 
change the speed of some object in 1 second. 
If you use the metric system of units, the 
change, or acceleration {in meters per 
second per second), will be exactly equal to 
the force (in newtons) divided by the mass 
of the object (in kilograms). You will now 
be ready to predict the speed and position of 
the object at a step of D seconds into the 
future. Add up the effects of the individual 
forces. Multiply the total by D (the step 
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size) and add the product to the present 
speed. This is the speed of the object at a 
time D seconds into the future. Now multi- 
ply the speed by D and add that product 
to the present position. This is the position 
the object will take in D seconds. The 


simulation program will now calculate new — 


values for the forces and mass and step the 
simulation forward once more. The process 
will continue until an end condition i 
reached. 
In the lunar lander game simulation, two 
degrees of freedom were considered, up and 
down, and side to side. The up and down or 
vertical motion was affected by gravity and 
thrust. The side to side or horizontal motion 
was affected only by thrust. Both of these 
forces were determined independent of the 
speed and position of the lander. Gravity 
provided a constant change in speed, and 
thrust was controlled by the user. In this 
article we will explore variable forces which 
are not determined by the user, but directly 
by the speed and position we are simulating. 
As mentioned earlier, the example we’ll 
use is an automobile suspension, the parts 
which connect the wheel to the body. The 
most important of these parts are the spring 
and the shock absorber. We will assume 
that there are other parts which keep the 
wheel from moving back and forth, but 


only the wheel’s up and down motion. 


will be considered (see figure 1). Of course, 
the entire car can.also move along the road. 
We will consider that as a second degree of 


freedom. .Let’s examine separately the 


forces that contribute to vertical and 


— horizontal motion. : 


Motion down the road results when the 
car’s motor, through the wheels, . pushes 
the car forward. Air resistance and rolling 
friction try to slow it down. To simplify 
the simulation, we will assume that these 
forces balance each other exactly. This 
means that the speed along the road will 
not change. If the speed starts at some 
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Y=4,08 - 
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(Y) 


WHEEL 
~ VERTICAL 
- VELOCITY 


(xX) 


FROST HEAVE ? 


BODY 
VERTICAL 
VELOCITY 


SHOCK ABSORBER 


_ HORIZONTAL 
pe VELOCITY 


ROAO SURFACE LEVEL MODEL 


Figure 1: A conceptual model of the “automobile” (unicycle, rather) which is modelled in the sample program of listing 7 as 
discussed in this article. The wheel in this model tracks the road surface exactly, and has its own vertical velocity due to the 
horizontal velocity interacting with bumps in the road. The actions of the wheel in turn couple through the spring and shock 
absorber suspension to the “body”’ of the automobile. The purpose of this simple model is to calculate the vertical position 
of the car body at any given point down the road, given the effects of gravity, shock absorber, spring and excitement provided 
by the bumps and holes. The table in the figure is taken from lines 605 and 606 of the BASIC program of listing 1, and is used 

to plot the road surface. A better dynamic model of a car would have many more degrees of freedom than this simple model. 
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value other than zero, the horizontal posi- 
tion will change. As we will see later, the 
simulation program must keep track of the 
position along the road, because it will 
determine how the wheel, and in turn 
the body, moves up and down. 

In the vertical degree of freedom we will 
need to consider gravity. You will remember 
from the fast article that to simulate gravity 
a program subtracts a constant value from 
the speed for each unit step. (Speed and 
position are considered positive if they are 
directed upward.) On the earth the gravita- 
tional acceleration constant is 9.8 meters per 
second per second, so for each second of 
simulated time, velocity changes by 9.8 
meters per second. Since the car obviously 
does not continue to move downward, there 
must be other forces balancing gravity. 
These are produced by the spring and shock 
absorber, and are determined by the vertical 
speed and position of the body. 

Let’s examine the spring first. At its nor- 
mal length (often called the free length) a 
spring produces no force at all. If it is 
compressed, in other words forced to be- 
come shorter, it will push back on whatever 
is compressing it. The shorter the spring 


_ is forced to become, the harder it will push 


back. This is an example of a force that 
depends upon position. In the automobile 


example, as gravity pulls the body down, 
the spring is compressed. The spring begins 
to push upward on the body, and at some 
point the two forces balance each other. 
The body will eventually come to rest there. 

Knowing a tittle information about the 
spring we can compute that point. Springs 
produce forces which are equal to the dis- 
tance they are compressed times a constant. 
The metric units for the constant are new- 
tons per meter. Sample values are shown in 
table -1,° column ‘a. Suppose that gravity 
exerts a force of 5000 newtons on the car 
body; then a spring with a constant of 
100000 newtons per meter would have to be « 
compressed .05 meters (100000.x.05=5000.) 
to balance the pull of gravity. At this point 
the system would be in equilibrium. 

What about the shock absorber? It was 
designed to produce a force that depends 
not on how far it is compressed, but on how 
fast it is being compressed. The faster you 
tryto move it, the harder it resists being 
moved. ‘Like the spring, a constant is used 
to calculate the force, this time multiplying 
the speed. The metric units for this constant 
are newtons per meter per second and some 
representative values are shown in table 
1, column b.. At equilibrium there is no 
motion, so the shock absorber produces no 
force. If you: were to push down the car 


body at a speed of 2 meters per second, a 
shock with a constant of 50 would resist 
that motion with a force of 100 newtons 
(50 x 2). When you let up on the body, 
the spring would exert a greater force than 
gravity and the body would move upward. 
The shock absorber would also resist that 
motion. This action is called damping. The 
damping in an automobile suspension must 
be carefully chosen so that the body returns 
quickly to equilibrium, but does not con- 
tinue to bounce back and forth for very long 
afterward. 

Armed with your present knowledge of 
simulation you should. be ready to make 
just such a choice using a trial and error 
approach. Calculate the forces on the body, 
and then use them to find the speed and 
position one step into the future. That speed 
and position will be used to calculate new 
values for the forces, which in turn will be 
used to step the simulation forward once 
more. Repeating the process continuously, 
you will simulate the motion of the car 
body. Try different values for the spring and 
damping constants until the desired output 
is achieved for a given set of inputs. 

The inputs, you'll remember, are going 
to be determined by the simulated position 
in the horizontal degree of freedom. At each 
position along the road the input routine 
will determine the height of the road surface 
above or below normal. If we assume that 


the wheel does not leave the road this will. 


also give us the up and down motion of the 
wheel. The data can be stored in a table 
in memory. By entering different values for 
the horizontal speed at the start of the 
simulation, we can also vary how fast the 
car will pass over our model road. At each 
step the program will enter the table to find 
the road height which corresponds to the 
current horizontal position. 

This method wiil work as fong as there 
is an entry-in the table for every horizontal 
position we will find. That could be a very 
big table, especially if the step size is small. 
To eliminate the need for large tables, we 
can use a technique called interpolation. 
Very simply, interpolation is done like this. 
When the program enters the table, but 
doesn’t find an entry exactly equal to the 
current horizontal, it finds the next smaller 
entry and the next larger entry. An inter- 
polation formula is then used to figure out 
where the present position falls ‘between 
the two table entries, and to calculate the 
road surface which lies at the same point 
between the . corresponding. table entries 
of road height. For example, suppose a 
program entered table-2 to find the road 
surface corresponding .to .a_ horizontal 
position of 11. It.would find entries at 


Vehicle 


Fullsize car (LTD, etc) 5°. 

intermediate (Torino, Cutlass, etc) 

Compact (Nova, Aspen, etc) 

Subcompact (Vega, Pinto,etc) 
Add 20% for heavy duty suspension. 
Subtract 20% for front wheel. ; 


10 and 12 with corresponding road heights 
of 0.0 and 0.08. Because 11 lies halfway 


between 10 and 12, the interpolation — 


formula will find a corresponding road 
surface that lies half way between 0.0 and 
0.08 or 0.04. There are other interpolation 
formulas that use three, four, or more of 
the table points, but this method using two 
is generally accurate enough with a reason- 
ably detailed table. To simplify your 
implementation of interpolation, { have 


included a BASIC function in the program . 


of listing 1 which uses the 2 point method. 
Users can simply place their own. tables 
in the data statement and use the function 
in their programs, or they can follow 
through the equations and implement them 
directly. 


In our automotive simulation, the inter- 


pofated table data will give us the vertical 
road and wheel position. The difference 
between this and the vertical position of 
the body will be the amount the spring is 
compressed. We can quickly calculate the 
resulting force. if the simulation program 
retains the wheel’s position from the pre- 
vious step, it can also calculate the wheel’s 
vertical speed. Reversing the equation used 
to find a new position, the speed is equal 
to the difference in the two positions 
divided by the step size. If the wheel moved 


from .08 meters to .04 meters in a step of © 


0.01 seconds, its speed would be (.04-.08)/ 
.O1 = -4.0 meters per second. The difference 
between this: speed and the speed of the 
body is used to calculate the force produced 
by the shock absorber. All these calculations 
are included in the BASIC program of listing 
1. Readers who want more detail on the 
equations will .find them there as well- 
commented program statements. 

Also in that program is a new method for 
computing speeds and positions. The 
equations used in the lunar Janding game: 
worked fairly well when the forces did not 
depend upon the speed and position. In this 
simulation they do, and even small errors 
can snowball if not corrected. To do this, 
we will use a powerful numerical technique, 
one which uses the results from three pre- 
vious steps to help predict the next, and 


Table 17: Representative 
Spring and damping. con- 
stants for automobiles. 
The units are metric: the 
Spring constant is quoted 
as newtons per meter of 
compression; the damping 
constant is expressed as 
newtons per meter per 
second. 


Table 2: A sample road 
surface table. This table 
is used to draw the sur- 


‘face curve shown in 
figure 7. 


Horizontal 
Position 
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“which then ‘goes back and corrects the 


step when the predicted results are available. 


It is called, logically enough, a predictor- 


corrector method. Rather than attempt 
to explain it here, J’ll provide a BASIC 
programming example which you can 
adapt to your own simulations. Readers 
with a good background in math may wish 
to reference a book on numerical methods 
for more details. In either case you will 


_ have acquired a tool which will be very 


useful in future simulations. 
Looking back over the two articles 
you should begin to see some ideas for 


forces which are constant, user controlled, 
or which depend directly on the motion 
you are simulating. Inputs can come from 
your keyboard, from an analog device such 
as a joystick, or from tables interpolated 
by your program. The outputs might tell 
you how well you are playing a game, or 
which of several configurations is best 
for a design you are contemplating. In the 
next article I’ll continue to expand on the 
types of forces considered. In. particular, 
I'll show how you can handle forces which 
act in more than one degree of freedom 
and suggest some ways to handle rotary - 
motion.™ 


678 
688 
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your own simulations. They could involve 


REM SET PROGRAN CONSTANTS 


D=8.85 | 

REM’ SET INITIAL SPEED AND POSITION 
P1=9.8aM-Ki 

$1=@ 

ead INITIAL ROAG SURFACE 


GOSUB 688 
12=¢¥-11)-B 


i=¥ 

REM CALCULATE INITIAL FORCES 

FI=CPL-I1)8KI/M 

Fas(Siel2)8k2/m 

Al=F14F2 

Ren SET Past DATA EQUAL 10 INITIAL DATA 
aS 

eset 

$4281 

A2=Al 

Aas<Al 

a4zAl 


REM BEGIN SIMULATION 

REM PREOICT SPEED AND POSITION 
$#$14+07248(S54A1 -S9%A2+374AZ-9kA4) | 
EEL L FOL enacts Sole Oetzetnchos ahae? 


X2X+UR0 . 
REM FIND NEW ROAD SURFACE 
GOSUB 608 

ree tee 


Il 

REN PREDICT NEW FORCES 
FlsCP~TLaKiem 
F22(9-12)%K2/M4 

AZ=F14+F2-9.8 

REM CORRECT SPEED AND POSITION 
SeSi4D/24s(98AF19KAl- peeracnat 
P2P14D724%(9%S4194S51-5%S2453 
REM CORRECT FORCES AND UPDATE SAVED DATA 
Fle(P-11>%K1/58 
F2"(P-12)>8K2/M 

A4=A3 

AI=A2 

A2=A1 

AL=F1+F2-9.8 

$4=$3 

$32$2 

S2=S1 

Siss 

Piz=p 

TsT4+D 

PRINT T,S1,P1 

IF X<108 THEN 278 

END 


REM INTERPOLATE TABLE TO FIND 
REM VALUE OF Y CORRESPONDING 
REM TO GIVEN VALUE x 


OF 
DATA O50; 10,0, 12,8. 08, 13, 0.08) 1450, 28,0.215-6.04 
DATA_22)-@. 04,23, ~0. 88,2458, 36,0,58,8. 1,5150,108,8 


REM TABLE FORMAT IS KOLDg VOL pKC2) 9 CRIs woe 
IF X<X1 THEN 678 

X22%K1 

Yex¥1 

READ X1,71 


TO 628 
8 Y=V24CV1-¥2) EC X-K297(K1=X27 
RETURN 
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Automobile Suspension Simulator 


Listing 1: This program -was written to help interested readers 
follow the mathematics of the accompanying article. Particular 
attention should be paid to the interpolation subroutine and to 
the equations for the predictor-corrector method of predicting 
future positions and velocities. The program was not intended to 
be efficient; readers will surely be able to shorten it once the 
method is understood. The following table defines the variable 
names I’ve used. 


KI = spring constant 

K2 = damping constant 

M = mass supported by the spring 

V = horizontal speed of the entire car 

D = time step size 

T = elapsed time in the simulation - 

P, S, A = predicted values for vertical position, speed, and 
total effect of forces 

PI, S1, Al = present values of vertical position, speed, and 
total effect of forces 

S2, A2 = speed and effect of forces one step past’ 

S3, A3 = speed and effect of forces two steps past 

S4, A4 = speed and effect of forces three steps past 

FT = change in speed due to spring 

F2 = change in speed due to damping (shock absorber) 

/7 = current vertical position of the wheel 

12 = current vertical speed of the whéel 

X = current position of car along the road 

Y = road height at position X 

XI, Yi, X2, Y2 = table entries for positions immediately 
greater than and immediately less than the current value 
of X 


! expect it will occur to many of you that graphic rather than 
printed output will make this program much clearer. The wave- 


form produced by a plot of the data would. give you a much 


better feel for the motion of the car body. For the example in 
this listing, try plotting position from -0.1 meter to +0.1 meter 
versus time from 0 to 100 seconds. 

One final note: to avoid losing data, it is important that the 
interval between points of the table in the interpolation subrou- 
tine is larger than the distance the car moves in one step. In other 
words, if you want to model a road that changes rapidly, you will 
have to reduce the step size (D) to a value less than the minimum 
of (X(n) - X(ntI))[V. 


Simulation of Motion 


Part 3: Model Rockets and Other Flying Objects 


Since becoming involved in personal com- 
puting, I’ve only met a few real applications 
oriented users. Most microcomputer owners 
are either hardware oriented, eg: hams or 
other electronics hobbyists, or they are soft- 
ware hackers. Both groups tend to love their 
machines for their own sake and not neces- 
sarily because they are useful. The users I’ve 
met who are more interested in the answers 
they get than in how they got them have all 
been running financial programs. Despite 
this thin showing, | believe that the next 
large group to “discover” personal com- 
puting is going to be applications oriented. 
They will be the business people and hobby- 
ists who need more computing power than 
is available in a pocket calculator, but who 


can’t justify access to a large computer... 


Among this group will be the model 
rocket and aircraft builders. Those people 
delight in creating miniature NASAs, but 
they have. always lacked one important 
resource,- computing power. The govern- 
ment and the aerospace industry invest a 
great deal of effort in simulating flights 
long before any hardware is put together. 
Few hobbyists could do this until now. In 
this article, I'll show how a microcomputer 
can be used to simulate the flights of model 
or amateur rockets and aircraft. The simula- 
tions can be used as aids in design and 


“mission” planning. | also hope to demon- — 


strate the desirability of personal computing 
as an adjunct to other pastimes. 

As in my previous articles, these simula- 
tions are intended to serve as examples. The 
techniques involved can be applied in almost 

_any real world application. The lunar lander 
game, for example, served to illustrate how 
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simulations are separated into degrees of 
freedom, and how speed and position are 
predicted for steps into the future. Those 
concepts were also applied when we simu- 
lated the motion of an automobile suspen- 
sion system. That simulation illustrated how 
forces could depend directly on the motion 
being simulated. It also served to introduce 
some powerful numerical techniques. All of 
these concepts’ will apply to the flight 
simulations. tn addition, I’ll show how to 
calculate the effects of a force which acts 
in two degrees of freedom at the same time. 
("ll also introduce angular motion and 
demonstrate the way in which a simula- 
tion keeps track of how fast a body ‘is 
turning and where it is pointing. While 


‘developing a flight simulation in detail, I'll 


try to point out specific areas where these 
few techniques can be applied to the earlier 


applications. 


Body 


» flat plate (1 square meter) 
sphere (0.1 meter diameter) 
airplane body {2 square meters) 


-wing or fin edgewise (1 square meter) 
model rocket (2 cm diameter) 
automobile (2 square meters) 
motorcycle and rider (2/3 square meters) 


Table di: Drag coefficients for various bodies. These coefficients include the 
body area and air density term (1/2 x 1.192 kg/m3). They are intended to be 
.used in an equation of the form: 


DRAG = SPEED? x Cg 


If larger or smaller bodies are used, a simple ratio of areas will convert the 


‘coefficient. 
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Figure 7: The total speed and flight elevation angle can be calculated from 
the horizontal and vertical speed components. © 
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Let’s begin, in fact, by outlining a game 
simulation you can program..In the lunar 
lander game, aerodynamic forces were 
neglected, but these forces must be con- 
sidered for atmospheric flight. ‘They ‘also 
present a good example of forces which act 
in more than one degree of freedom. We will 
investigate them through the use of a simple 
game I'll call EVEL. The object of the game 
is to select the ramp angle and speed with 


‘which to leap a motorcycle over a given 


number of cards and land successfully on 
the downward ramp. The motion will be in 
two degrees of freedom, vertical and hori- 
zontal. The forces will:be gravity and aero- 


- dynamic drag. 
We have seen in the previous articles how . 


gravity affects speed, and most people have 
an intuitive understanding of drag. Drag is 


the force you feel when you hold your hand 
‘out the window of a moving car. It is the 


resistance of air to a body moving through it 


and it acts directly opposite the motion. . 


Drag is calculated in much the same way as 
the force created by an automobile shock 
absorber. In. that example the force was 
equal to the speed multiplied by a damping 
coefficient. To calculate drag, we will mul- 
tiply the speed squared by a constant 
called the drag coefficient (symbolically Cg). 
Drag coefficients for some common bodies 
are given in table 1. Cg takes into account 
the size, shape and surface texture of the 
body. In our simulations, it will also include 
a factor for the density of the air (1.19 kg 
per cubic meter). More detailed simulations 
will take into account the changes in air 
density and temperature which occur ‘at 


higher altitudes and adjust the aerodynamic . 


forces accordingly. To avoid this complica- 


. tion, we will restrict our ‘simulations to 


altitudes within a few thousand meters of 


sea level. The formula we will use for calcu- 
lating drag is DRAG = SPEED? x Cg. 

If the only motion is upward, the drag 
acts only’ in the vertical degree of freedom. 
There are also cases in which it acts only 
horizontally; but in general, there will be 
motion in both directions, and the drag, 
which acts directly opposite the motion, 
will be felt in both degrees of freedom. 
Because of its dependence on the squaré of 
the speed, we cannot calculate separate ver- 
tical -and -horizontal drags. We must calcu- 
late one force and apportion it between the 
two degrees of freedom. 

- Figure 1 shows a typical case. Here a 
daredevil motorcyclist has just left his 


_ takeoff ramp. Suppose we know from ‘a 


previous simulation step that his - vertical 
speed is 30 meters per second (m/sec) and 
his horizontal speed is 40 m/sec. To cal- 
culate drag, we must first find the total 
speed. Our fortunate selection of degrees 
of freedom now becomes apparent, because 
the vertical and horizontal velocities can be 
seen to form two sides of a right triangle. We 
can compute the third side, or hypotenuse, 
by ‘applying the . theorem of Pythagoras 
(C? = A? + B?). The total velocity will be 
equal to the square root of the sum of the 
‘squares of the speeds in each degree of free- 
dom. In this case, the daredevil is moving at 
Vv 30? + 40? = 50 m/sec. Using Cy from 
table 1, we calculate-a drag of 0.25 x 50? 
= 625 newtons, acting at some angle be- 
tween horizontal and vertical. This angle is 
called the flight elevation (symbolically 
GAMA in some computer programs). It can 
be found using a little trigonometry. If we 
fet horizontal be 0 degrees, and let vertical 
be 90 degrees, then GAMA is equa! to the 
arc tangent.of the vertical divided by hori- 


~ zontal velocity. In this case, GAMA = arc 


tan (30/40) = 36.87 degrees. Knowing the 
angle, it is easy to apportion the drag. The 
forces which result are called components 
of .drag..-The’ vertical’ component (sym- 
bolically Dy is given by Dy = DRAG x SIN 
(GAMA). The horizontal component, Dp, is 
given by Dh = DRAG x COS (GAMA). In 
the current example, Dy = 625 x SIN (36.87) 
= 375 newtons, and Dp = 625 x COS 
(36.87) = 500 newtons. You can check these 
calculations by noting that \/ 375? + 500? 
= 625. Readers familiar with trigonometry 
will be able to confirm that 


DRAG = J Dy + Dp? 


in every case. This is the same formula we 
used to find the total speed, so it should not 
be surprising to find that the vertical and - 
horizontal speeds are also referred to as com- 
ponents. ° 


The effect that the components of drag 
have on the components of speed depends, 
of course, on the mass. If our daredevil is 
fairly small, and rides a light motorcycle, the 
total mass in flight might be 150 kg. During 
a step of 0.1 seconds, the horizontal speed 
will decrease by 500/150x0.1 = 0.333 m/sec. 
A similar change occurs in the vertical speed, 
but there we must also include ‘gravity. 
Remember from the previous simulations 
that each second, gravity subtracts 9.8 m/sec 
from the vertical speed. In 0.1 seconds it will 
change from 30 m/sec to 30-(375/150 + 


9.8)x0.1 = 28.77 m/sec. Knowing the new 


speeds, you can compute the new position, 
the new drag and the new flight elevation. 
The simulation can be stepped forward again 
and again until the daredevil returns to earth. 

Because the drag components depend on 
the square of the speed, it will probably be 
necessary to use the predictor-corrector 
formulas from my previous article ‘to obtain 
realistic results. The initial conditions . of 
total speed and ramp angle must be chosen. 
For the first simulation step set GAMA 
equal to the ramp angle and let the vertical 
speed - component equal © SPEEDxSIN 
(GAMA) and the horizontal component 
equal SPEEDxCOS (GAMA). Figure that a 
car is about 6 meters long, a bus about 15 
meters, and the Snake River ‘Canyon is 
1451 meters wide. Good luck: 

In many respects, a rocket of aircraft in 
flight is much like our daredevil. It will be 
moving horizontally and vertically and will 
be acted upon by gravity and drag. There are 
some other forces to be considered, how- 
ever. For example, early in a rocket’s flight, 
its engine will be producing thrust. Unless 
the rocket is pointing directly upward or 
directly parallel to the ground, we will also 
have to apportion this force between hori- 
zontal and vertical directions. 

One way to do this is to assume that the 
rocket always points in exactly the direction 
it is moving. The flight elevation angle, 


GAMA, can then be used to apportion — 


thrust just as it was used for drag. At each 
simufation step, the program can interpolate 
a table to find the value of thrust correspon- 
ding to the current time. It then computes 
the components and applies them to predict 
new speeds and position. In this manner we 
can build a two degree of freedom rocket 
trajectory simulation. This simulation might 
also be used for a game. Set up a duel 
between two artillery battalions, or better 
still, program a real time simulation like the 
lunar fander game of my first anne and try 
to hit a moving target. 

For most flight vehicles, the tentigney to 
point in the direction. of movement is a 
desirable characteristic. Unfortunately, this 
is not generally the case. Vehicle imperfec- 


Figure 2: The direction of flight is called the flight elevation (GAMA). The 
direction the rocket is pointing is called the body elevation (THETA). The 
difference between them is called the angle of attack (ALPHA= THETA 


-GAMA). 


tions, the effect of wind, and just the fact 
that it takes a finite amount of time to turn 
the vehicle, all. affect the pointing of a 
rocket. In order to indicate where the rocket 
is pointing, we define another angle, the 
body elevation angle (symbolically THETA). 
THETA tells us where the vehicle is pointed 
and -is used to apportion thrust. The dif- 
ference between THETA and GAMA is 
called the angle of attack (symbolically 
ALPHA). It is illustrated in figure 2. 

Unlike GAMA, there are no components 
which may be used to compute THETA. We 
must keep track of it with a third degree of 
freedom. just as altitude is calculated as the 
position in the vertical degree of freedom, 
THETA may be calculated as the position in 
this third, or angular, degree of freedom. 
Angular motion is handled in exactly the 
same way as the linear motions we have 
already been simulating. Just as position has 
its angular equivalent, so do speed, force and 
mass. It is as easy to calculate the speed with 
which a body turns as it is to find the speed 
with which it falls. 


First we must calculate the angular’ 


equivalent of a force.. These are called 
moments (also called “torque”), and have 
metric units of newton meters. As the units 
imply, each moment has a force as part of 
its definition, but it also depends on how 
much feverage the force has. For example, 
suppose you apply a force of 10 newtons to 
the end of a-15 cm (0.15 meter) wrench. 
A moment of 10x 0.15 = 1.5 newton meters 
will be transferred to the bolt: If a 25 cm 
wrench were used, a moment of 10 x 0.25 = 
2.5 newton meters would result, and the 
bolt -would be proportionately tighter. In 
rocket flights a moment results as an aero- 
dynamic effect whenever THETA ‘is not 
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100 REM PITCH PLANE reece Lory SIMULATION 
116 REM INITIALIZE VARI 
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406 LET Kk 
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GOSUB 95 
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766 REM hetiecr ANGULAR MOTION AFTER BURNOUT 
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A Model Rocket Simulator 


Listing 1: This BASIC. program illustrates — 
the use of an angular degree of freedom to 
apportion a force between two linear de- 
grees. It simulates the flight of a model roc- 


_ ket that might be built from widely available 


kits. During the early part of the flight 
(approximately 1 meter), the rocket rides on 
a guiding rod. The rod prevents the body 
from turning, so angular motion must be 
suppressed in the simulation. After leaving 
the Jauncher, the vertical, horizontal and 
angular pitching motions are all considered. 
A short time later, however, the fuel will be 
exhausted and the thrust will drop to zero. 
Because the only reason for computing 
THETA was to apportion the thrust, 
angular motion may be neglected from this 
point until the vertical position becomes 
zero (rocket returns to earth) and the 
simulation ends. 

This type of simulation is particularly 
useful for determining the effect of wind 
on a rocket. The tendency a rocket has to 
point in the direction it ts moving also 
cduses it to turn into the wind. The highest 
altitude may not, therefore, be achieved 
with a vertical launch. By running a series of 
simulations on his/her personal computer, a 
model rocket builder -can. determine in 
advance the ideal launch angle for various 
steady state wind speeds. The plots shown 
in figure 3 illustrate this type of study. 
Note that in each case the horizontal degree 
of freedom is aligned with the wind. 

Because the forces and moments in this 
simulation depend on the motion, the pre- 
dictor-corrector method has been applied. 
To conserve space, however, it is not the 
fourth order method used in the automotive 
simulation of Part 2 of this series of articles, 
but a shorter second order version. Improved 
accuracy would result if you were to imple- 
ment the fonger formulas. You may also 
want to customize ‘the output. For example, 
a plot of angle of attack versus time might 
be interesting. To print out ALPHA in 
degrees, use (L~G) x 57.295 to convert 
from units of radians. Special output exactly 
at apogee (maximum altitude), impact, or 
motor burnout might also be helpful in eval- 
uating performance. The code is well-com- 
mented, so feel free to dig in and adapt this 
program to your own needs, 


Figure 3: The program of listing 1 can be used to determine the best launcher 


elevation for any given wind. 
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Figure 3a: Trajectories with no wind. 
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Figure 36: 90° faunch with wind. 


LAUNCH ELEVATION 
(DEGREES) 


600 Te) 
500 


400 


‘ Wind ; 
ALTITUDE DIRECTION 
———_— 


(METERS) 309 
200 


100 


~300 -200 -100 0 too )=—200 
RANGE (METERS) 


Figure 3c: Trajectories with 10 m/sec wind. 
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equal to GAMA...It has its own coefficient, 
Cy. For small angles of attack, this coef- 


* ficient is multiplied first by the square of the 


speed (linear speed, not angular) and then by 
the angle of attack (ALPHA=THETA- 
GAMA). The aerodynamic moment is there- 


fore caused because the rocket is trying to 


point itself in the direction it is moving. 
The next element to be considered in the 


angular equation is the equivalent of mass. _ 


This is called moment of inertia, and ‘the 
leverage concept applies to it also.: The 
moment of inertia (usually shown symbolic- 
ally as an upper case 1) depends on the mass 
of the body, and also how widely spaced the 
mass is. For example, a 50 kg set of bar 
bells would have a much larger moment of 
inertia than a ‘single 50 kg weight. The units 
of { are kilogram meters. Like mass, moment 
of inertia is a property of matter. In our 
rocket simulation, both may change as fuel 
is burned, but their values can be determined 
at any given time. It is general practice to 
construct tables of mass and moment of 
inertia which parallel the thrust table we 
have already introduced. In each simulation 
step, our program will interpolate the table 
to find the current value of moment of 
inertia and use it to find the effect of the 
moments. The value of the metric units will 
now become apparent.. 

Just as the force in newtons: was divided 
by the mass in kilograms to find exactly the 
change in speéd each second, so the moment 
in newton meters can be divided by the 


~ moment of inertia in kilogram meters to find 


exactly the change in angular speed. in 


angular degrees of freedom the units of | 


speed are radians per second and the posi- 
tion will be computed in radians. There are 
27 radians in a full circle, so 1 radian equals 
57.296 degrees. Because most BASIC inter- 
preters perform trignometric calculations in 
radians, these units are to be preferred. Con- 
version to degrees is cally made for input 
and output. 

Once the effect of each moment is known, 
it is multiplied by the time step size and 


added to the speed in exactly the same 


technique used for linear motion. Similarly 
the angular speed is multiplied by step size 
to update the angular position. The predictor- 
corrector method may be applied by saving 
moments, and speeds from previous steps. 
I have included a BASIC program with this 
article. which involves -both the predictor- 
corrector formula and angular motion in a 
three degree of freedom (pitch plane) 
trajectory simulation. Noting the similarity 
between the angular and linear equations 
used there should make this technique easier 


-to understand. 


The concept of angular motion is easily 
transferred to other applications, but to 
make best use of it you really need some 
familiarity with the: forces and moments 
which may appear. For example, an auto- 


motive enthusiast will already understand 


how the road surface induces motion in 
the body of the car. We saw previously how to 
simulate that motion for one wheel. If you 
include two wheels, the front and back on 
one side, a second degree of freedom in 
body motion is introduced. Most people 
would recognize that, but only someone 
familiar with automobiles might realize 
immediately that the two ends of the body 
will not move up and down entirely inde- 
pendently. The second degree of freedom 
must be an angular one. It will measure the 
pitching motion of the car while the original 
degree measures its overall up. and down 
motion. The forces created by each set of 
suspension parts will contribute to the 
linear motion, and will be multiplied by 
their leverage (perhaps their distance from 
the ‘driver’s seat) to determine their affect 
on the angular motion. At each ‘step, the 
angular motion will be combined with the 
linear motion to compute new forces, 
moments, etc, and the procedure will begin 
again. Just how those angular motions are 
combined with the linear ones, and how the 
leverage of a force is determined, will be the 
subjects of the fourth and last article in this 
series.@ 


Simulation of Motion 


Part 4: Extended Objects, 
Applications for Boating 


Have you ever wondered why the shapes 
of boat hulls differ so widely? Boating 
enthusiasts know that certain designs will be 
best in lakes and rivers, and certain others in 
open seas. Some boats are much roomier 
than others; some are safer in rough water; 
but what penalties in stability and riding 
comfort might you pay for the extra room 
or seaworthiness? The motion of a boat 
depends on its response to the variety of 
waves it encounters. These motions can be 
simulated on your personal computer. You 
can determine how a given design will re- 
spond to any sea condition. The basic equa- 
tions for stepping speed .and position into 
the future will still apply, as they were 
discussed in the earlier articles of this series; 
but you'll also need some new techniques. 
As you implement this simulation, you'll 
discover that forces in a linear degree of 
freedom can also produce moments and 
their resulting motion in an angular degree 
of freedom. In this article, (’ll show how 
that interaction is handled. (ll also intro- 
‘duce the concept of distributed forces, and 
a numerical technique to handle them. 
‘Although developed for a boating applica- 
tion, these new ways of calculating forces 
should find use in updating many of our 
previous simulations. 

We have already seen quite a variety of 
ways to calculate forces. Gravity, a force 
present in every simulation in the last three 
articles, simply made a constant change in 
the vertical speed at each step. Thrust, used 
in rocket and aircraft simulations, came 
either from a user input or from a table 
interpolation. Forces in an automobile 


Stephen Smith 


suspension were found to depend directly 
on the vertical position (spring force) and 
the vertical speed (damping force). Aero- 
dynamic forces were computed by multi- 
plying a coefficient (ie: constant) by the 
sum of the squares of the speeds in each 
linear degree of freedom. While these ex- 
amples cover most of the situations you are 
likely to encounter in simple models, any 
new simulation might present some unique 
requirement. 

For example, in all the calculations, the 
forces have had one thing in common. They 
acted at a single point. We call such forces 
discrete. In reality, some are not discrete, 
but act at many points on a body simultane- 
ously. These are referred to as distributed 
forces. Aerodynamic drag is a typical distri- 


buted force. Although we used the drag co- 


efficient to calculate a single ‘force, the 
retarding action of the air acts all over the 
body. A coefficient is just one tool used to 
convert distributed forces into discrete ones. 
Not all distributed forces can be converted 
using coefficients, so I’ll introduce a more 
general technique using the boating simula- 
tion as an example. 

The principle forces on a boat are gravity 
and buoyancy, the floating power of the 
hull. Because buoyancy is an upward push 
provided by the water, it is not difficult to 


‘see that it is a distributed force covering the 


entire area of the boat below the water line. 
Converting this distributed force to a dis- 
crete one will allow us to simulate the verti- 
cal motion of the boat. 

- Perhaps more important to the boat de- 
signer or buyer will be the angular, rolling 
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Table 1: Characteristics of waves. The height, period and length of waves all vary, but for 
certain conditions, average values have been established. The wave length and period are affec- 
ted by the depth of the water. The height depends on the wind speed, how long it has been 
blowing, and the width of the body of water. Readers who want to model real sea conditions 
should find a good aside aad text, but the above summary should prove aoegute 3 for 


casual use. 


and pitching motion of the boat. Angular 
motion was introduced in:a rocket flight 
simulation (see page 45). In that case, it was 
entirely independent of the linear motion. 
At the end of the same article | suggested 
that the motion of an automobile body 
should also be simulated using an angular 
degree of freedom, but that the angular and 
linear motions could no longer be considered 
separately. This is also true in the boating 
example. The moments used to compute the 
angular motions will be calculated directly 
from the linear motions. Because the forces 
in the automotive example are discrete, we'll 
develop the technique to handle combined 
angular and linear motion using the distrib- 
uted forces of the boat example. In that way, 
one simulation will serve to demonstrate 
both of the new concepts. Ill leave the 
development of a two or four wheel auto- 
mobile suspension simulation to interested 
readers. 

..The motion of a boat is similar in n many 
ways to that of the automobile body. When 
it is launched, a boat settles into the water in 
response to gravity. As the hull displaces 


‘more water, the buoyant force becomes 


larger, until at some point, it balances gravity 
andthe boat stops ‘sinking. This point is 
called equilibrium-and is analogous to the 
equilibrium of an automobile suspension. 


Unless there is a disturbance, the boat will © 


remain at equilibrium. In the automotive 
example, disturbances came in the form of 
a rising or falling road. With boats, we-en- 


counter a rising aiid failing sea, in | other 
words, waves. 

Sea waves occur in a variety of shapes. 
Their length (distance peak to peak), their: 
height (distance peak to trough), and their 
period (time to rise and fall), all vary appar- 
ently at random. In fact, these parameters 
have fairly well defined relationships. 
Readers with an interest in modeling sea 
states should refer to'a good marine science 


text. For this simulation, we'll represent 


waves with a sine function, and use the data 
in table 1 to compute their size. . 

Dealing just with forces for a ‘moment, 
let’s see how a small object is affected by 
wave motions. Figure 1 shows a bottle, float- 
ing in a body of water. We know from our 


- previous simulations that every second, 


gravity subtracts 9.8 meters per second from 
the bottle’s vertical speed. If the bottle is to 
remain stationary, the effect of buoyancy 
(force divided by mass) must be equal and 
opposite (ie: 9.8 meters per second per 
second upward). The mass of the bottle 
should be known. Let it be 0.1 kilograms. 
The buoyant force is equal to the weight of 
the water displaced by the bottle. Remem- 
ber that weight is a force, the effect of 
gravity acting on a mass.. The weight of the 
water, in newtons, is equal to its mass,-in 


-kilograms, times the -effect of gravity, 


9.8 meters per -second per second. Each 
1000 cubic centimeters (cc) of water has a 
mass of 1 kilogram, and thus:a weight of 


-9.8 newtons. Knowing this, and the mass of 


the bottle, we can calculate the amount of 
water that the bottle displaces. In other 
words, we can find the volume, V, of the 
bottle below the water line at equilibrium. 
Force divided by mass must equal 9.8 to 
balance gravity, so the equation 9.8 = 9.8/ 
1000 * V / 0.1 can be solved for V to find 
that 100 cc of the bottle is under water. If 
the bottle is 4 centimeters in diameter, we 
will find (from the formula for the volume 
of a cylinder) about 8 centimeters of its 
length must be below the surface. 

Now suppose that the surface of the 
water rises suddenly. More than 8 cm of the 
bottle will be underwater, and the buoyant 
force will exceed gravity. The vertical speed 
of the bottle will increase and it will rise 
with the water. When the bottle reaches 
equilibrium again it will still have a positive 
vertical speed, so it will pass through that 
point and continue to rise. Now, however, 
it is gravity which is the larger force, and the 
vertical speed will be reduced until the 


bottle begins to descend. Eventually, these . 


motions will disappear (due to the drag force 
applied by the water) and the bottle will 
come to rest at equilibrium. This happens so 
quickly that the bottle appears to be mov- 
ing up and down exactly with the waves. 

For larger objects, boats for example, the 
actual motion may be more apparent. We 
could treat a boat exactly like the bottle 
and simulate its up and down motion. As | 
suggested earlier, however, it is the angular 
rolling and pitching motion of the boat that 
is of real interest. To simulate these motions, 
we will need to know not just the total 
buoyant force, but also how it is distributed 
over the hull. The device shown in figure 2 
will illustrate a general technique for finding 
the distribution. 

You can think of this device as two bottles 


joined together with a stick or as the two © 


hulls of a catamaran. Just as we calculated 
the buoyant force on the bottle in figure 1, 
we can calculate separate forces on each of 
these two bottles. The sum of the forces 
can be used to compute the vertical motion 
of one point :on the device. This point is 
called the center of gravity (CG). The loca- 
tion of the center of gravity is critical. If 
you were to place the stick on a knife edge 
and find the point at which it balanced, 
this would be the center of gravity. {tis the 
point on a body where the effect of gravity 
appears to be concentrated. Because the 
mass of an object is distributed throughout 
its volume, weight is a distributed force. 
By locating the center of gravity, however, 
we have a tool that transforms it into a dis- 
Crete one. 
"We could also define a center of buoy- 
ancy, the point at which the total buoyant 


Figure 1: A bottle sinks until it displaces an amount of water equal to its own 


weight. 


with the individual parts of a body more 
directly to find a general method of handling 
force appears to act. Unfortunately, the 
location of this point can move significantly 
as the boat rises and sinks in the water. The 
center of gravity is also subject to some 
movement, such as when a passenger moves 
from the back to the front of the boat. Un- 
like the movement of the center of buoy- 
ancy, however, changes in the location of 
the center of gravity are not tied directly to 
the results of our simulation, the linear and 
angular motion of the boat. For this simula- 
tion, we will treat the center of gravity as 
stationary, and try to avoid dealing with 
the moving center of buoyancy. 

Since we cannot deal with buoyancy as 
simply as we do gravity, we will have to deal 


GRAVITY - 
“66 
> 


Figure 2: The distribution of the buoyant force determines the angular 


motion about the center of gravity... 
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Figure 3: The continuous hull of a boat can be divided into a series of dis- 
crete segments or “bottles.” X is the distance from the center of gravity to 
the center of the bottle.-Y is the length of the bottle below the water line at 
equilibrium. Note that the symmetry about the CG enables us to describe the 
hull while only segmenting half of it. 


X(m) 


+0.05 
+0.15 
40.25 
40.35 
+0.45 
+0.55 
+0.65 
+0.75 
+0.85 
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~ *¥(m) 


0.50 
0.49 


- 0.47 


0.45 
0.42 
0.39 
0.36 
0.31 
0.37 
0.22 


the distribution. In the case of the “cata- 
maran” in figure 2, this is fairly easy.-First, 
we assume that the bottles are small when 
compared to the length of the stick. Next, 
we assume that the center of buoyancy of 
each bottle is at its center, no matter how 
it sits in the water. Now, as far as our simu- 
lation is concerned, the entire buoyant force 
on the bottle acts at a point which is ata 
known distance from the center of gravity. 
This. makes no difference to the vertical 


-degree of freedom, but it is the key which 


allows us to simulate the angular motion. 

Remember from the last article that a 
moment is the product of a force times 
a distance. In the current example, each 
bottle creates a moment equal to the buoy- 
ant force times the distance of the bottle 
from the center of gravity. Note that we 
define distances to the right as positive, and 
to the left as negative. Thus an upward force 
on the righthand bottle creates a positive 
(counterclockwise) moment. An upward 
force on the Jefthand bottle. creates a 
negative moment. In each simulation step, 
the moments are summed and then divided 
by the moment of inertia to find the change 


. in angular speed each second. With this value, 


we can step the angular degree of freedom 
into the future, and return to compute new 
forces and moments. 

Now we must determine how the com- 


_ bined angular and linear motion can be used 


to compute the new buoyant force. The force 
is proportional to the volume of the bottle 
below the waterline. For a single bottle, it 
was computed from ‘the position in the 


vertical degree of freedom, and the location. 


of the water surface. With the two bottle 
device, the vertical degree of freedom tells 
us only the position of the center of gravity. 
We must use the. angular degree to find the 
relative position of other points on the 
device. If there is a positive angular position, 
the device will be turned counterclockwise 


around the center of gravity. Consequently, 
the lefthand bottle will be lower than the 
center of gravity and the right one will be 
higher.: The exact difference is calculated © 
by multiplying the sine of the angular posi- 
tion by the distance of the bottle from the 
center of gravity. Again, note that points to 
the left have a negative distance from the 
center of gravity. Positive angular positions 
move them down. 

Let’s illustrate this with an example. 
Suppose the vertical position of the center 
of gravity is 0.01 meters, and the angular 
position is 2 degrees (0.035 radians). A 
bottle 1.2 meters to the left would be at 


0.01 + SIN (0.035) * (-1.2) = -0.32 meters 


in other words, about 3 centimeters below 
its equilibrium position. A bottle 1.2 meters 
to the right would be 


0.01 + SIN (0.035) * 1.2=0.052 meters high. 


The vertical position of any other point can 
be found similarly. 

Having found the positions of the bottles; 
we must now find the positions of the water 
surface at each bottle: These will come from 
a sine function modified by a representative - 
wave height, period and length. The argu- 
ment of the function will be the sum of the 
current time divided by the period, and the 
bottle location (distance from the center 
of gravity) divided by the wave length, all 
multiplied by two 7 (to convert to radians). . 
Once evaluated, the function is multiplied 
by one half the wave height (amplitude) to 
arrive at.a final surface position. Using this 
scheme the surface varies with both time and 
location in a eee approximation of sea 
waves. 

The data in table 1 can be used to con- 
tinue the example we began above. Let’s 
place our two bottle catamaran in an inlet 
with 5 meter per second winds. We have 
determined that the water surface is given 
by the following formula. 


S = HEIGHT/2 * SIN (6.28318*(TIME/ 
PERIOD + LOCATION/LENGTH) ) 


At TIME = 1.8 seconds, we would find that 
the water surface at the left bottle is 0.2/2* 
SIN(6.28318*(1.8/2+(1.2/5))=0.084 meters, 
just below the equilibrium position. At the 
right bottle, the surface is at 0.2/2*SIN 
(6.28318*(1.8/2+1.2/5))=0.077 meters. If 
we subtract the positions of the bottles from 


’ these values and add the 8 centimeter length 


of the bottles underwater at equilibrium, we 
will have calculated the length of each bottle 
below the surface at TIME = 1.8 seconds. 


For the left bottle this will be (-0.084) — 
(—0.032) + 0.08 = 0.28 meters. For the right 
bottle this will be 0.077 — 0.052 + 0.08 = 
0.105 meters. If the bottles are 4 centi- 
meters in diameter, then the left one dis- 
places 0.04**2 * 3.14159/4 * 0.028 = 3.45 
* 10 —5 cubic meters and has a buoyant 
force of 9800 * 3.45 * 10 —5 = 0.345 new- 
tons. The moment it produces is 0.345 * 
(—1.2) = —0.414 newton meters. Similarly, 
the right bottle displaces 9.67 * 10 —5 cubic 
meters and produces a force of 0.948 new- 
tons and a moment of 1.14 newton meters. 
The sum of the forces, 1.293 newtons, is 
used to update the vertical degree of free- 
dom. The sum of the moments, 0.534 new- 
ton meters, is used to update the angular 
degree of freedom. Now we can compute 
new positions, forces, moments, etc, and 
begin the cycle again. 

Simulating the motion of a two bottle 
catamaran may not be very useful, but the 
technique is easily extended to real boats. 
Instead of thinking of the hull of your boat 
aS a continuous surface, think of it as a 
collection of “bottles.” Figure 3 shows a 
boat hull that fas been divided in this 
manner. The hull can now be described by 
a table of Xs and Ys. The Xs represent the 
distances from the center of gravity to the 
center of each bottle. The Ys represent the 
lengths of each bottle below the waterline 
at equilibrium. Now, instead of making a 
series of calculations for one or two bottles, 
we make them for many. Just as before, the 
sum of the forces influences the vertical 
motion of the center of gravity, and the 
sum of the moments influences the angular 
motion around the center of gravity. 

We now have an effective method for 
dealing with distributed forces. We simply 
divide the area over which the force acts 
into small segments. Within each segment, 
we neglect the distribution and calculate a 
discrete force and moment. Finally, we 
sum the force and moments to find the 
effects on the linear and angular speeds. 

| have included a BASIC program with 
this article to illustrate the technique as 
applied to our boating example. With the 
data supplied, it computes the rolling 
motion of the hull cross section pictured 
in figure 3. Boating enthusiasts will be able 
to insert some other hull cross sections (deep 
vee, trihull, etc) in the data statements and 
compare the response to the sample sea 
states. (f lateral (side to side) sections are 
used, the program will simulate rolling 
motion. If longitudinal (fore and aft) sec- 
tions are used, the program will compute 
pitching motions. Interested readers should 
be able to extend the program to include 
three dimensional boat models and simulate 


) 


Listing 1: This program simulates the vertical and angular motion of a boat in 
response to sea waves. Because it involves a lengthy summation, it is inherently 
slow. | have, therefore, used only the second order predictor corrector formu- 
las, and have employed a large step size. Readers who want more accuracy 
and who can afford to wait for results should implement the fourth order 
equations presented in my previous article on automotive applications 
(page 41). They should also increase the number of "bottles" used to describe 


the hull, and decrease the step size. 


It should also be noted that the program does not simulate the viscous 
damping action of the water. As a result, if you are unfortunate enough to 
specify a resonant frequency of the hull as the wave period, the boat will 
appear to leap out of the water. While this result is obviously erroneous, 


it will highlight a design to be avoided. 


@Q@ REM SHIP MOTION SIMULATION 

8 REM a ties HULL CROSS SECTION 

1 REM X IS DISTANCE FROM CG TO CEN TER OF BOTTLE 

€ nen ¥ 18 Lene OF BOTTLE BELOW WATER AT EQUILIBRIUM 
ov 

@ DATA 6.05,8.5,8.15,0.49,8.25,0.47,0.35,0.49,86.45,8.42 

13@ DATA cise +6558. 3690. 75) 0.3150.8530.2738.95,8.22 


fad pee path fon feet pm 


1 
1 
1 
2 
4 


16Q FOR Jai 10 1 
178 neoe o Natalia ba 


a3 REN ser, ap nw FACTORS “BOTTLE AREA" SDENSITYS9.8 

s| 

$03 ah COMPUTE MASS(MD & MOMENT OF INERTIA OF CROSS SECTION 
ja 


211 128 
212 FOR Jz1 TO 18 
2t4 M12B879.8%7¢J> 
216 Msh+N1%2 

218 [sl+M1sXx( 582 


220 NEXT J 
ee = a SEA STATE: HEIGHTCH>s LENGTH(L>,PERIODCP> 
368 prs 
278 REA INITIALIZE INTEGRATION VARTABLES 
288 DATA @,8,8,8,8,0,0,0,8 Wee gices 
298 READ 252150, U1,A,ALSRsR130 Q1,C,Ci, 
318 eea INITILEE STEP SIZE AnD PRINT INTERVAL 
20. 

3 K=8 
ee K1s@.17D 
321 PRINT "TIME: SEC> VERTICAL POSITION, 
338 Seeie Cae AND MOMENTS ON THE "BOTTLES 


345 REM PREDICT VERTICAL MOTION 
346 REM AUsZ ARE ACCELERATION, SPEED, AND POSITION 
358 A1l=F7M-9.8 
368 pate ee 
378 2221+4+D% 
375 REM PREDICT ANGULAR MOTION 
376 REM C,@,P ARE ACCELERATION, SPEED, ‘AND POSITION 
388 Ci=G/I 
398 O=Q1+D4C1 
400 K=R1+D%401 
ate bate SUM NEW FORCES AND MOMENTS FOR CORRECTOR FORMULAS 
2K 
J2=T+ De 
440 GOSUB 
445 REM CORRECT VERTICAL MOTION 
450 A=F/N-9.8 
468 Y2U14D/2%(A4AL> 
478 2=2Z14D724CU4U1) 
475 REM CORRECT ANGULAR MOTION 


Cz2G/ 
498 at Ao De 84 
500 RaR1+D/2460+01) 
588 ec aii FOR NEXT STEP 


ow 
™ 
oS 
a 


3546 Ri=R 

SS@ 1F K<Ki THEN 348 

S60 PRINT 1TsZ2,R857.296 

578 IF T<10 THEN 348 
STOP 


680 a CALCULATE AND SUM FORCES AND MOMENTS ON "BOTTLES" 


=8 
668 FOR J#1 TO 1 


18 
. 665 REM POSITIVE HALF OF HULL IS GIVEN . 


666 REM WIS VERTICAL POSITION OF WATER SURFACE AT BOTTLE J 
667 REM Wt IS LENGTH OF BOTTLE BELOW WATER SURFACE 

€68 WeH/-2sSIN(6.283188(T/P4+X¢J>7L9> 

669 W1IBYCI>-Z-SINCRIEX( JOH 

67@ IF Wi>@ THEN 672 

671 W1=8 

672 F1=Btwl 

672 Gi=X( JRF 1 


eoueutns POSITIONCDEG>” 
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. Listing 1, continued: 


675 REM MIRROR IMAGE GIVES NEGATIVE 
78 WAH/2XSINCE. 28319KCT/P-¥ CJL) 

679 WIZYCII-Z+4SINCRIEK (II 4h 

620 ie are THEN 682 


682 Fe=BtWt 

780 G2z-X(J)8F2 
716 F2FeF 1 sF2 
728 G2G+G1+62° 


738 NEXT 

740 RETURN 

756 END 

TINECSEC? VERTICAL POSITIONCM) ANGULAR POSITIONCDEGD 
a.1 O.8014 7 er s275237 
Q.2 O. GNS34SSEGE 9435 
0.3 Q.0290789132748 
u.4 @. 6488229057315 
U.S G.O7E9S T9977 127 
Be 0.187 S97 5S25? 
Q.F 0. 127464693145 
0.3 8.136129240759 
ag 6. 116974303865 

1 OG. 6695566412445 
1.1 6. 01DSE25497 41S 
1.2 “0. 95eSS 28427092 
1.2 -8. 1268S 7e4833 
1,4 “0, 169475291978 
1S -0.193013619278 
1.6 6. 19645221163 
1.7 -0. 1S6554E33294 
1.2 -6.9917208520 104 
1.9 6. 6206887363375 
2 @. 0563241234723 
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HALF 


9.57934 3661886 


VOnA= 


- 8583471164 
6821229385 
86270428258 
986824930865 
9686349622 
8818895739 
5634234899 


both angular motions simultaneously. 
With the inclusion of techniques for 
handling distributed forces and combined 


-. angular and linear motion, your collection 


of software tools for simulating motion ‘is 
fairly complete. When using these tools ona 


_ personal computer, you should try above all 


to limit the scope of your simulations. 
Determine which motions really interest you 
and neglect or restrict the others. Divide the 
simulation into degrees of freedom, pref- 
erably three or less if your program is to 
execute with reasonable speed. Compute 
each force and moment individually, then 
apportion and sum them within the degrees 
of freedom. Finally, step the velocity and 
the position into the future. Use a smail 
step size in your early runs, 0.01 seconds or 
less. Increase it to save run time only as long 
as your results do not change significantly. 
Following this procedure, and using the 
BASIC programming examples | have pro- 
vided as a guide, you should be able to find 
some interesting new applications for your 
persona! computer.@ 


Simulation of Flight 


Several years ago, at a trade show in the 
New. York City Coliseum, 1 saw a demon- 
stration that simulated the flight of an 
airplane between two pylons. The simula- 


tion employed a cartoon-like representation. 


of the pilot’s cockpit view on a large video 
screen. The pilot interaction was via a joy- 
stick. When given a chance to test my own 
skill, | crashed. 8 

The demonstration was impressive, par- 
ticularly because it was in real time and 
attempted to mimic the flight of an actual 
flying machine. The major time cruncher 
in that animation was probably the display 
update. Today’s microcomputer is capable 
of analogous syste simulations. 

The simulation presented here treats 
the flight characteristics of the model 
airplane using aerodynamic equations. For 
display purposes the model assumes zero 
visibility flight conditions in which the 
cockpit window view is replaced with an 
instrument panel readout and control tower 
communications. This type of interaction 
is much more technical than the simple 
graphics display, and perhaps more realistic. 

To further enhance the realism, many 
standard cockpit controls have been sim- 
ulated, including elevators, rudder, ailerons, 
flaps. and throttle. These controls were 
individually defined and then combined 
into an overall flight model. The flight 
characteristics simulated involve several in- 
ertial and aerodynamic effects, including 


F.R. Ruckdeschel 


momentum, centrifugal force, air pressure, 


lift, drag and stall. The user chooses the 


basic flight characteristics which are used 
to represent an airplane design, ranging 
anywhere from a glider or Piper Cub to a 
jumbo jet or Phantom, 

_ One objective of the flight simulation 
is to bring the plane down from a cruise 
altitude, 50 miles from an airport, to land 


on a two mile long runway (which can be 


shortened, if desired). The simulation por- 


trays the landing itself, including decelera- 


tion once on the runway. Another objective 
is to take off from the same runway. 

The extensive list of model features 
may best be understood by actually running 
the simulation or by reading through the 
mathematical and aerodynamical descrip- 
tions. Most users will initially have trouble 
flying the plane, and it may take some time 
to learn how to land it (probably after 
many crashes). The difficulty was created 
intentionally; flying a real airplane is not 
simple. 

The simulation is considered in the con- 
text-of a system model that contains various 
subsystems and environments, and whose 
output is the flight trajectory. The subsys- 
tems are the flight controls and displays. 
The three environments considered are 
takeoff, landing and flying. These three 
environments are linked through the execu- 
tive. Transition from one to another is 


controlled automatically. 
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Figure 4: RUNWAY rou- 
tine allows the pilot to 
maneuver the airplane on 
the ground. One of three 
conditions will cause an 
exit: run off end of run- 
way, stop the airplane, lift 
off and start free flight. 


RUNWAY 


NO 


GIVE DAMAGE 
REPORT 
END 
PROGRAM. 


OUTPUT SPEED 
AND LIFT 


(NPUT THRUST 


CALCULATE 

LIFT AND DRAG 
CALCULATE POSITION 
AND VELOCITY 


: 
PLANE 
Sha tae RETURN 
: YES 


END PROGRAM 


models ‘through simple replacement. It 
would be interesting to hear from readers 
with flight or aerodynamic ' experience 


, about ‘possible improvements and how they 


might affect the airplane response as per- 
ceived by the pilot. 


‘Basic Governing Equations 


Straight Line, Steady State Flight 


There are several forces acting ona plane 
in flight.. For this simulation we consider 
the forces of lift, drag, gravity and inertia. 
To make the flight behavior of the simulated 
airplane realistic, an approximation to the 
lift characteristics of an actual airfoil is used 
(NACA Airfoil #4412 as described in 
Aerodynamics by T von Karman, McGraw 


- Hill (1963)): 


L=C, (0.44+50,)V2 (6,<0.28=6,...) (1) 


C, is the lift coefficient, 6, the angle 
of attack in radians, and v the airfoil speed. 
A constraint is put on the maximum angle 
of attack, Oimax» after which the lift coef- 
ficient abruptly falls (and presumably so 
does the plane}: For airfoil # 4412. this 
attack angle limit is approximately 16° 
(0.28 radians). 

The total drag is composed of a kinetic 
term induced by the air disturbance related 
to lift, Cp;, and a frictional term, Cp ¢: 


D = Cp (L2/pv2) + Coglov) (2) 


The normalized air density (o) is defined 
to be one at ground level. 

The maximum thrust available ‘will be 
described as a fraction (§) of the airplane 
weight, Mg, which is the mass of the plane 
(M) multiplied by the gravitational constant 
(g). At the maximum ground level flight speed 
of the airplane, v,,,,, the frictional drag 
is assumed to dominate, giving: 

Tmax = ¢Mg = Coe Ymax* 

The maximum thrust and ‘maximum - 
level flight (9 = 1) velocity will be con- 
sidered as chosen flight characteristics, so: 


Cog = (SMO Vane (3) 


Another chosen characteristic is the 
glide angle 0, (no power) under maximum 
lift. conditions (flaps fully down). This 
corresponds to the maximum angle of 
attack. Under these constraints L = (Mg) ° 
cos(6,) and the stall speed (v,) and coeffi- 
cient of lift, Cy, may be related using 


_equation (1): 


(Mg) cos (84) 


C= (4) 


V5? (0.4 + 58 amma? 

Under these particular low . altitude, 
no power glide conditions, assume the 
frictional and induced drags to be equal 
when the landing gear is up (i.e.: from 
equation (2) Cp (L?/pv?) = Cy ¢-(ev)). The 
relation between the gravitational force 
and drag force along the glide path is: 


(Mg) sin(6,) =2Coev, 
or: 
(Mg) sin(,) 
Cc Paes eee 
DF 2v, 


This assumption regarding the equaling 
of the two drags is equivalent to: 


Cy =Coglv,)2/(Mg costa)? (6) 


The variable which is key to evaluating 
C; and Cp, is the stall speed v,. Using 
equation (3) and the drag equality “assump- 
tion (equation (5)) we get: 


t(Mg)/v = (Mg) sin(6,/2v. 


max 


or: 


Vinaxsin(6, ke 
7,2 
2s 

Equation (7) has a reasonable behavior. 
Assuming a plane with a thrust equal to one 
half of its weight (a fighter?) and a glide 
angle of roughly 11° (0.192 radians), then the 
stall speed is approximately two tenths 
of the maximum velocity. For a maximum 
velocity of 600 knots, the stall speed (flaps 
fully down) is calculated to be 120 knots. 

To sum up, given the input parameters 
of plane mass, maximum thrust, and glide 
angle the key flight parameters required 
in equations (1) and (2) are obtained, as 
well as the stall speed. 

To add to the realism of take off and 
final approach, the ability to manipulate 
flaps and landing gear is added. It is assumed 
that the effect of full flaps is to simply 
increase the airfoil lift coefficient by 50%. 
The effect of landing gear drag will be 
assumed to show up as a 60% increase in 
the frictional drag coefficient. Note that 
it is possible to create an underpowered 
plane that can’t take off due to landing 
gear drag, but can fly with the gear raised. 
In approximation (equation (4), by inspec- 
tion) we have for the relation of the stall 
speed with flaps to the non-flap stall speed: 


vg(f) = 372 v,(1)/(144/2) 4 (8) 


where 0 < f <1 represents the range from 
no flaps to full flaps. Of course, this is really 
only a guess since all of the flight parameters 
are not known. 

In the simulation, penalties are placed 
on stalling the plane. Also, landing without 
the gear down will be considered a crash 
situation. 


Changes in Flight 


Changing horizon, heading, or speed can 
not be done instantaneously because of 
inertial effects. Also, pitch oscillations 
are possible in an overly responsive control 
system. The time lags associated with such 
controls are a vital part of the simulation. 

A change in horizon or attack angle is 
accomplished with the elevators. The eleva- 


(7) 


HORIZON 


tor angle (level of control) is represented 
by E. The rate of attack angle change (da/dt) 
is dependent on the control level and pos- 
sibly plane speed. However, for this simula- 
tion assume . 


a=E (9) 
The response to a change in throttle 


is specified in terms of an acceleration or 
deceleration. If the plane is in dynamic 


- equilibrium, a change in throttle of AT 


leads. to an instantaneous acceleration 
equal to the change in thrust divided by the 
mass of the airplane (AT/M). Changes in 
dift cause a similar effect. This leads to the 
equation of motion along the flight path 
(see figure 5): 


T cos(a) = Mg sin(@) + D 
(constant thrust) 


mo = T cos{a) — Mg sin(o) ~ 


(changing thrust) 
or: 


dv Tcos(a) 
dt M 


—gsin(@) —D/M (10) 
In a time interval At 


Tcosta) At —(gsin(6) + D/MDAt 


HORIZON 


Figure 5: References used 
for calculating the motion 
along the flight path. The 
angle of flight is repre- 
sented by 0. 


Figure 6: References used 
for calculating changes 
perpendicular to the flight 
trajectory. The angle of 
attack is represented by a. 
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The change in angle of climb depends on 
the force components perpendicular to the 
flight path (refer to figure 6). This includes 
thrust and lift. 

The acceleration perpendicular to the 
flight path is related to the centrifugal 
force Mv2/r, where r is the instantaneous 
loop radius. In terms ‘of climb angle 0, the 
centrifugal force is Mv * d@/dt. Balancing 
forces results in 


dé 
L+T sinla) —Mgcos(@) = Woe 


or: 


de oT ~ gcos(é) 
ord Neb +e (11) 


Observe that a massive plane with a low 
power to mass ratio cannot change its climb 
angle rapidly. Also, the rate of angle change 
is shown to decrease with greater speed. 
These dependencies are intuitively 
reasonable. 

. Heading change is accomplished through 
a rudder and aileron control. In real life, 
the plane is put into a bank using the 
ailerons, which aid in supplying a tangential 
force to the trajectory. It is assumed that 
the pilot knows how to bank so that there 
is zero slip, as shown in figure 7. The addi- 
tion of slip would be an interesting upgrade 
to the simulation, particularly in landing. 

The centrifugal force is assumed to be 
balanced by the horizontal lift component, 
L.sin(B), such that: 


Lsin(B) = Mv2/r 
or: 


dpb sin(B) 


dt Mv 12) 


where p is the heading, 


At is assumed the: rudder and aileron 
controls instantaneously result in a correct 
value for the bank angle B. Note how the 
heading change is again shown to be slower 
for larger and. faster planes (unless the lift 
is increased). 

Equations (9), (1 0), (11) and (12) com- 
pletely describe the kinematic changes in 
attack angle, speed, climb angle, and heading. 
The original equation (11) was written 
for nonbanked flight. When banking, the 
L term should be replaced by the term 
Lcos(B) since turns havea detrimental 
effect on lift. We can now proceed to use 
this information and that of the last section 
to establish the finite difference equations 
that determine the airplane’s trajectory. 


Finite Difference Equations 


At any point in time, the position of 


the airplane may, be described by the vector: 


X=xit yj + zk. The z variable is the alti-. 
tude of the airplane. The airport runway 
is specified to start at X = 0 and run to 
Xx = +l. Airport radar headings and positions 
are stated relative to the beginning of the 
runway. 

The - finite difference equation giving ~ 
the position at time t + At is: 


~> > > oe 
x(t + At) = x(t) + vAt, (13) 
Similarly: 
af dv . 
vit + At) = v(t) Baers At. (14) 


The ‘task is largely one of finding dv/dt and 
thus Vv. The rate of velocity change 
(acceleration) is composed. of three basic 
components: 


@ Acceleration along the flight path 
-.@ Changes in the climb angle 
@ Turning. 


The velocity changes are composed of two 
parts: 


@ Change along the trajectory 
@ Change in climb angle. 


Mv2 


Figure 7: This simulation assumes that the 
airplane banks without slipping. (When 


_ banking without slip, the force vector a is 


zero.) The resultant force is perpendicular to 
the wings resulting in a change of direction. 


The change along trajectory is given by: 


Av, -(~) {Feosta} —gsin(o) — 5} at. 
»: (15) 


The change in the climb angle is’a vector 
which is instantaneously perpendicular to 
the velocity vector. For simplicity we will 
assume the related velocity change to have 
only a vertical component scaled by the 
cosine of the climb angle: 


AV> =wvcos(é ie er > ath = vcos(6) tim sinla) — 


gcosté) get 


“yw Mv path 


(16) 


The third velocity change: contribution 
is from the change in heading which is 
assumed to be only in the horizontaf plane. 
Thus: 


a =~ 
> ¢kXv dB Lsin(B)y ~ A 
A Foy dt vcos(é) wi wi fat 

(17) 


The notation & X V stands for the vec- 
tor cross product. This is used as an 
approximation. 

Combining the above equations we have: 


At 
AV, x iy [ {recta - Mg sin (¢) — we ~ 


L sin(B) 
cos(é) “v (18a) 
© ge 
AV [ T cosla) — Mg sin(9) — p} vy + 
L sin(B) ' 
cos(@) “x » (18b) 


At Bae 
Av, = sr {Tema — Mg sinlo) — p} v+ 


vcos(é) {r sin(a) — Mg cos(d)} + uf] 
: (18c) 


Equation (18c) can be replaced by the more 
obvious equation: 


v, = vsin(@). 


Equations (18) are used in conjunction with 
equations (13) and (14) to give the updated 
velocity and position of the airplane. The 
constitutive equations are: 


L: = lift (equation 1) 
D: = drag _ .. (equation 2) 
a: = attack angle — (equation 9) 
6: =climb angle —_ (equation 11) 


Now that most of the theory of operation 
of the simulation has been covered, consider 
listing 1 which is the actual program being 
used. 


The Program 


Initial Conditions 


The user designs an aircraft through the 
choice of a few simple initial flight values. 
The number of input parameters has been 
kept to a minimum by using approximate 
aerodynamic interrelations within the pro- 
gram. The parameter values suggested in 
the program text correspond to a small 


‘ propeller driven plane carrying about four 


hours of fuel when at 80% throttle (thrust). 
Varying the following .parameters” will 
result in many interesting designs: 

@ Weight of Plane: Self-explanatory. 

@ Fuel: At the outset of the simulation 
the pilot inputs the fuel load in the same 
units as the mass of the airplane. The fuel 
usage during flight versus the throttle setting 
is assumed to. be parabolic; full throttle 
eats up fuel rapidly. The constants were 
chosen such that under normal conditions, 
full throttle can be maintained for one 
to two hours before the fuel runs out. 
However,. the engine will overheat long 
before that occurs. 

One aerodynamic effect of fuel con- 
sumption is that the airplane weight changes 
with time. This is reflected in the altplane 
going out of trim. 

®@ Thrust Fraction: This is the maximum 
force which can be exerted by the engine 
relative to the unladen airplane weight. 
Generally, a higher thrust fraction results 
in faster response to controls and the ability 
to climb rapidly. The engine power. is 
derated exponentially with altitude, as is 
the lift. Thus, there is a built in ceiling 
(maximum level flight altitude) for all 
designs. If a space shuttle is to be simulated, 
the restriction on engine power P1 must be 
removed in line 1480 of listing 1. 

@ Maximum Speed and Glide Angle: 
These are key input design parameters which 
strongly determine the flight characteristics 
of the aircraft. The stall speed increases 
with increasing maximum speed.~ Stall 
speed is also an: increasing function of 
glide angle. Planes with high maximum 
thrust ratios (maximum thrust vérsus plane 


weight) also tend to have relatively low stall . 


speeds. These design parameters also affect 
the lift and drag coefficients in nonobvious 
ways. Experimentation is required to create 
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an aircraft design which behaves well in the 
air. For example, choosing too low a glide 
angle can lead to a plane which tends to be 


overly responsive. An_ interesting classic 


design which might be tried is that corre- 
sponding toa Bell X1: high power; high 
maximum speed; poor speed and glide angle 
relation (must land at high speed to main- 
tain lift), A two mile long runway might 
seem short in such a simulation. 

@ Time Increment: In the take off mode, 
the time increment value ‘initially chosen 
sets the time steps for the entire take off 
sequence. The time increment can not 
be changed during a runway roll. Once 
in the air, the time increment can be 
changed as desired. Take off is not really 
very exciting or tricky (unless the craft 
is underpowered like the Spirit of St Louis), 
so a relatively long increment (about 5 
seconds) may be used. 


Internal Initializations 


There are parameter initializations which 
occur within the program after the flight 
or take off option is chosen. When the flight 
option is chosen, the airplane’s position 
is set to fifty miles from the airport with an 
associated altitude of seven miles. This can 
be changed by altering the values of X1, 
X2, and X3 on line 980 of listing 1. The 
initial speed is chosen to be three quarters 
maximum and the velocity vector is directed 
southeast. The velocity vector is described 
by the component values S1,°$2, and S3; 
the speed (V) equals +/S12+S27+S37. In 
this initialization case $3~ (the vertical 
velocity component) is set equal to zero 
and S1 is equal to S2. 

There are several other parameters which 
are automatically specified: 


© Flaps are positioned up (F1=0) 
-@ Angle of attack is zero {T1=0) 
' @ Throttle is at 30% of maximum 
~ (T=.30 X maximum thrust) 
@ Bank angle set to zero (B=0) 
® Engine temperature set to 280°F 
(T9 = 280) 

@ Trim angle is 0° (R9=0) 
@ Landing gear is up. 


The net result of these initial conditions 
for the flight option is that the pilot takes 
over contro! of an airplane which is momen- 
tarily in level flight. The craft will most 
likely tend to climb or descend unless the 
control settings are changed. Thus, it is 
advisable to choose a small time increment 
when initially taking over the controls. 


Once the flight is stabilized, longer time — 


increments may ‘be used.. The controls 
themselves are discussed later. 


The take off option also feads to: an 
initialization routine within the program. 
In this case all controls except trim are 
generally set to their zero positions. The 
trim is set to —10°. The airplane is parked 
at the beginning of the runway with the 
engine temperature set to 300°F. - 


Take Off Controls 


' There are only three controls exercised 


during take off: thrust, flaps, and elevators. 
@ Thrust: In the user initialization of 
the program, a value for the maximum 


‘thrust (jet push; propeller pull) in terms of 


a fraction of the airplane’s weight is speci- 
fied. This cannot be subsequently changed _- 
during a run. The ‘engine control which 
does exist is that which determines how 
much of this potential thrust is applied 
over the next time period. This fraction is 
represented by T. Its maximum absolute 
value is unity, but it may be positive or 
negative. If positive, the plane accelerates; 
if negative, it decelerates and possibly rolls 
backwards. A- reversible pitch — propeller 
would permit this latter type of behavior. 

For an average airplane, a reasonable 
take off value for the thrust is generally 
0.8 to 1.0. Note, however, that maintain- 
ing a thrust value of 1.0 will eventually 
lead to overheating of the engine. A thrust 
of 0.8 can be sustained indefinitely. 

@ Flaps: The effect of flaps is to increase 
the lift of the plane at a given speed. In 
doing so, the drag is also increased. The flaps 
may be set to between 0° and 45°, with 
the maximum lift occurring at 45°. If an 
attempt is made to lower the flaps further, 
they will simply peg at the full flaps (45°) 
limit. Under normal take off conditions, 
half flaps (22.5°) is usually used from the 
beginning of the roll. For some aircraft 
design choices, the use of full flaps during 
the take off roll may result in-so much 
drag that the required flight speed may not 
be reached by the end of the runway. The 
quickest take off sequence is achieved by 
employing zero flaps at the beginning of 
the roll and full flaps when the required 
air speed is attained. However, control 
of the plane as it leaves the ground then 
becomes tricky; the plane may sharply 
climb, decelerate, stall (drastically lose lift), 
and crash. 

® Elevator Angle: The net effect of the’ 
elevator control is to raise or lower the 


‘nose of the airplane relative to its trajectory. 


When rolling on the ground, the elevator 
control causes the nose to point up or down 
felative to the horizon. The airplane’s 
response to the controls is speed-dependent. 
If the airplane is stationary, the elevator 
control has no effect. 


The maximum absolute value possible 
for the elevator control is 45°. This corre- 
sponds to the physical angle at which the 
elevators may be positioned, but is not 
the resultant nose angle; the control re- 
sponse is always less than the control setting 
unless the plane is in a high speed dive. 

If the elevator angle is positive, the 
plane will tend to nose up. During the take 
off period the plane should be held down 
by setting the elevators slightly negative 
until a runway speed is attained which is 
roughly 20 knots greater than the stall 
speed. The elevator control may then 
be pulled forward (made a few degrees 
positive) to lift off. 


Take Off Displays 


The take off controls are exercised 
once each time period. The corresponding 
data displayed are the plane’s horizon, 
runway speed, stall speed and lift, as well 
as the remaining runway length and flight 
time. A more detailed description of these 
displays follows. 

@ Horizon: When the plane is on the 
runway, the horizon angle is identical to 
the angle of attack as the trajectory is 
horizontal. In attempting to hold the plane 
down using the elevator control, the horizon 
will be negative. Upon lift off it will very 
likely be positive. The desirable range of 
horizon angles while on the runway is be- 
tween perhaps —3° (during roll) and +5° 
(at lift off). 

@ Runway Speed: Self-explanatory. 

@ Stall Speed: The displayed stall speed 
will not change during the take off sequence, 
through it may during flight. Below the stall 
speed it is not possible to obtain sufficient 
lift to leave the ground. Do not attempt 
lift off just above the stall speed, since that 
leaves little room for error. For example, 
a small deceleration. as the plane climbs 
off the runway can quickly lead to a stall. 
A 15% or greater margin in speed is 
advisable. 

@ Lift: This is a cockpit display which 
is not commonly found in small craft. It 
serves as a replacement for pilot fee/. The 
lift readout is also available upon landing 
and is useful in determining whether or not 
another take off may -be attempted. The 
value shown is simply the percent of the 
plane’s weight which is aerodynamically 
supported. Take off occurs -when_ this 
quantity exceeds 100%. 

@ Runway Left: Self-explanatory. Run- 
‘ning off the end of the runway is not good 
procedure. 

® Flight Time: Time which has passed 
in the simulation time frame. This is roughly 
5 to 10 per cent of real time and depends 


on the time. increment chosen and the 
operator response time. 


Airborne Displays and Controls 


Once the airplane is off the runway, 
the control messages change into .two 
groups: cockpit display and contro! tower 
messages. These two sets of information 
allow the pilot to attempt level flight, turn 
the airplane around, and land it back on fie 
runway. 


Cockpit Display 


There are’ fourteen flight parameters 
shown in the cockpit display. Some are 
simple reminders of control settings, while 
others record the aerodynamic response 
to these controls. 

@ Altitude: The airplane’s altitude is 
given in feet. This is generally more than 
sufficient resolution for take off and flying. 


However, during the last stage of the | 


approach for landing this increment is often 


- not fine enough. In such a situation, the 


rate of descent and, more importantly, 
angle of attack and horizon angle are used. 

@ Speed: This display indicates air speed. 
The ground speed is not displayed and is 
affected by the wind. It will be observed 
that nosing up will usually lead to a decrease 
in air speed and nosing down will cause 
the reverse to. occur. Thrust significantly 
affects speed. 

Very high speeds can be attained in a 
dive. At 20% above the airplane design 
maximum a warning message is issued. 
At 40% above the maximum a wing failure 
abruptly occurs, 

®@ Stall Speed: The stall speed is based 
on program computations using the design 
parameters chosen by the user at the begin- 
ning of the simulation. However, acceler- 
ated stall can occur in tight banks (turns). 
This is simulated in the program by making 
the stall speed an increasing function of the 
bank angle. 

@ Engine Temperature: This display 
gives the engine temperature in degrees 
Fahrenheit. Temperatures below 430°F are 
considered safe. Between 430°F and 450°F 
a warning is issued. Above 450°F the engine 
shuts down until it cools off. Turn on is 
not automatic; a thrust value (T) must 
be given to restart the engine. The engine 
temperature is calculated from the thrust 
used over several previous time periods. 
Thus it may take a while before the engine 
can be restarted. Needless to say, glide 
conditions exist in the interim. .. . 


@ Fuel: The remaining weight of fuel . 


is displayed in 1 pound increments. The 
rate of consumption depends on the square 
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of the throttle (thrust) setting. Fuel con- 
sumption thus tends to be greatest during 
take off and climbs. The effect of fuel 
consumption on the overall plane weight 
is included. 

@ Flaps, Trim, Thrust, Bank: Readouts 
of control settings given by the pilot. 

@ Attack Angle: This generally corre- 
sponds .in sign to the elevator angle. The 


magnitude of the response is speed de- © 


pendent. A special condition exists when a 
critical angle of about 16° is exceeded. 
The attack angle pegs at that value. Unless 
in a dangerous landing approach situa- 


tion, the attack angle (when flying upright) : 


should be between roughly —3° and +5°. 
When flying inverted (yes, the simulation 
can handle that case also), the angle of 
attack should be strongly negative, say 
~8° or more. Observe that when flying 
upside down, the bank, flap, trim, and 
elevator controfs are reversed in their flight 
path effects (unless you are thinking in- 
vertedly also). 

® Horizon: This display gives the angle 
of the. horizon as it would be seen from 
the cockpit window. It is affected by both 
the climb angle and the angle of attack (a 
linear addition). It is an important display 
during final approach and landing. If the 
horizon is lower than —6° upon touchdown, 
the nose gear collapses and the plane crashes. 
Between —6° and 0° a nose rebound occurs, 


bounding the plane back into the air with | 


the nose pointed up at an angle negatively 
proportional to its prior horizon. Unless 
care is exercised in applying the controls 
at this point, the plane will repeatedly 
bounce, nose dive, or stall: A negative 
horizon on touchdown causes a lot of 
trouble, 

e@ Heading Off East: This display indi- 
cates the instantaneous direction of travel 
of the craft relative to due east. This par- 
ticular convention was chosen as the runway 
runs from west (start) to east (end). When 
making a final approach for. landing, the 
heading should be near 0° (between roughly 
356°, —4°, and 4° in order to hit the runway 
properly). 

@ Landing Gear, Flight Time: These 
are simply status displays. 


Control Tower Message 


It is assumed that a radar tracking control 
tower exists which can aid in instrument 
flying by giving range, speed, and meteoro- 
logical information. The following informa- 
tion is transmitted to the pilot: 

@ Range: This is the radial distance 
in miles from the west end of the runway 


as illustrated in figure 8. This i is a key posi- 


tional display. 


® Climb and Descent Rate: This is the 
vertical speed of the plane in increments 


of one foot per second. It is an important 


flight indicator which is particularly useful 
in evaluating the net response to the elevator 
and throttle controls. Close to touchdown, 
however, the resolution of this display falls 


_ short of ideal. In this case the air speed, 


angle of attack, and horizon - indicators 
become the main readouts. 

® Position Off Runway: This readout 
complements the range display. It gives 


_the angle of the plane relative to the begin- 


ning of the runway as shown in figure 8. 
For example, when ‘the airplane is on or 
over the runway headed due East, the angle 
off runway is 180°. The coordinate orienta- 
tion has been chosen such that the angular 
position upon final approach should be 
near 0° or 180° depending on the approach. 
Also, the heading off east should be near 
180° or 0°, respectively (with no wind). 
Quantitatively, if the heading is 180° off 
east at a range of 400 meters (about one 
quarter mile), the angular position should 
be between 359.4° (—0.6°) and +0.6°. 
This is not easy to do while also maintaining 
a good glide angle. Fortunately the runway 


is long. 
@ Wind, Direction, and ‘Speed: The 


existence of a changeable wind sometimes 
makes landing a difficult chore. It largely 
affects the heading one must take in order 
to maintain an appropriate glide path. 


-1f the cross runway component of the wind 


exceeds six knots, the airplane may run off 
the side of the narrow runway if the heading 
just compensates for the wind at touch- 
down. Two alternatives exist: circling until 
the wind changes direction or diminishes, 
or changing heading just before touchdown 
to straighten out the airplane relative to the 
runway. Since the bank angle contro! works 


_ under the assumption of no slip, side slip 


ed 


is not simulated. If it were it could be used 
to handle the crosswind. 


Cockpit Controls 


There are quite a few controls which 


~ -are exercised by the pilot during flight. 
Two,’ the time increment (S) and the con- 


tinue character (C), have to do with the 


_ mechanics of the simulation. Once a control 


parameter is entered, it is fatched until 
changed by the pilot. This is convenient 
once a quasi-stable flight pattern has been 
established. However, establishing a stable 
flight path is not easy. Constant control 
conditions may -cause the airplane to rise, 
lose air speed and lift, nose over, dive, 
pick up air speed and lift and rise again. 
This cyclic pattern may be very extreme 
under some conditions. 
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The flight controls available in the cock- 


‘ pit are as follows: 


@ Throttle (Thrust) (T): This is the 
fraction of maximum - thrust available, 
the maximum having been established in 
the program initialization. The entered 


.value should be between zero and one for 


positive thrust, or a negative one and zero 
for negative thrust. 

@ Bank Angle (B): This puts the airplane 
into a no-slip bank (centrifugal force per- 
pendicular to wings). A value of 180° will 
invert the craft; 360° will complete the 
roll. Absolute values greater than 360° 
are not allowed. Vertical lift is lost during 
a bank according to the cosine of the bank 
angle. Stall speed also increases as the turn 
becomes tighter. During a tight turn, the 
airplane will generally lose altitude even 
though the nose may be-on the horizon. 
In such a situation, increased throttle 
and raising the nose above the horizon helps. 

@ Elevators (Attack Angle) (E): 
mentioned earlier, .this affects the angle 
of ‘the airplane’s wings relative to its tra- 
jectory (ie: the attack angle). The response 
is speed dependent. If an attempt is made 
to exceed an absolute attack angle of 16° 
a significant loss in lift results due to tur- 
bulence’ in the. air flow over the. wings. 
In effect, a stall occurs. Attack angles: over 
10° should be avoided. 

As noted earlier, the attack angle re- 
sponse to the elevator control is air speed 
dependent. In a dive, as the air speed in- 
crease, so does the attack angle response, 
thus increasing lift and reducing the dive. 
In a climb, as the air speed decreases, the 
reverse happens. Thus there is some self- 
compensation built into the control. 

@ Flaps (F): Explained earlier. Once in 
flight, the flaps should be set to 0° to reduce 
drag. 

® Trim (R): As far as the program is 
concerned, trim has an effect proportional 
to flaps: positive trim increases lift ‘and 
negative trim decreases lift. In flight, the 
trim is adjusted to somewhere between 
—10° to +10° to give neutral ‘elevator 
controls (ie: E set to zero gives level flight) 
at the chosen cruise speed and altitude. 
As fuel is consumed the’ craft will tend to 
rise; “trimming” will counter this. Many 
pilots enjoy continuously trimming their 
craft; it replaces nail biting. 

The trim value set by the initialization 
is —10°. During take off this can not be 


altered. Once in the air the trim angle: 


may be set to zero. However, the change 


should be made slowly to maintain con- ~ 


trol over the plane. Rapid changes lead to 
over control and erratic flight. 
® Landing Gear (G): An input. value 


for G of one lowers the landing gear. Setting 
G to zero raises the gear. The simulated 
airplane has .an automatic warning system 
which acts when the airplane is descending 
and is below an altitude of approximately 
one hundred feet. After a long flight it is 
not unusual to forget to Jower the landing 
gear. This should be checked perhaps a 
quarter mile from touchdown so that there 
is time for compensation for Janding gear 
(aerodynamic) drag. 


Touchdown Conditions 


Landing on the runway is a very exacting 
exercise since several eter omust be 
satisfied. 

First, the landing gear must be down. 
Next, the airplane must be. within four 


‘meters of the runway centerline. Though the 


runway is long, it is also narrow. The air- 
plane must obviously also be on the runway 
(not short or long). The ‘horizon should be 
greater than —6°;0° is very good. 

The quality of the touchdown is finally 
determined by the rate of descent at con- 
tact. If less than 1.6 ft/s, the landing is con- 


_sidered soft. {f between 1.6 and 5 ft/s, 


the landing is rated moderate. Between 5 
and 33 ft/s touchdown is declared hard 
and a bounce occurs. Beyond that a crash 
condition exists: 

One of the dangers to be wary of after 
a bounce is subsequently nosing over into . 
the runway. To avoid this keep the nose 
up and apply alittle more throttle. 

Once the craft has settled on the runway 
and deceleration has begun, a test is made 
to determine if the end of the runway 
has been reached. If so, a crash has occurred; 
there are no survivors if the speed on leaving 
the runway was greater than 20 knots. 

Deceleration is simple: -reverse thrust 
is applied by inputting a negative throttle 
value. If forward thrust is used instead, 
the program will switch to the take off 
routine, 


Additional Surprises 


“In addition to’ these initializations and 
commands there are several more variables 
which affect the  airplane’s simulated 
performance: 

® Wind Effects: The effect of wind on 
the airplane velocity relative to ground 
is modelled using a random number genera- 
tor. On the average, once every ten seconds 
the wind direction and magnitude randomly 
shifts (actually, there is some correlation 
with the previous wind vector). The ‘net 
effect is that the wind vector slowly shifts 
with time. This effect is most important 


when trying to land. In fact, under some 
conditions, landing may be impossible. . 

_ @ Ice Storms: There is one chance ina 
hundred that in any particular time period 
an ice storm will develop.. The consequence 
of such an occurrence is an increase in the 
airplane’s weight by 50% due to ice on the 
wings. This obviously creates a problem 
if altitude can not be maintained at a safe 
throttle level and if the runway is too 
far away. 

- @ Altitude: The effect ‘of altitude on 
lift, drag, and engine thrust is accounted 
for by assuming that the air density de- 


creases exponentially with altitude (de- 


creases by 1/e approximately every 23000 
feet). This automatically places a flight 
ceiling restriction on the particular simula- 
tion; it is not possible to escape the Earth. 
This feature is not an actual subroutine, 
but is part of other subroutines. 


Command Structure 


The pilot input command structure is 
simple. In the flight environment the com- 
puter supplies command prompts (?) and 
expects replies as follows: 


? <command letter> <carriage return> 
? <control value> <carriage return> 


When on the runway, inputs for the throttle, 
flaps, and elevators are specifically asked for. 


Program Execution 


It is common to see someone spend 
more than an hour attempting to learn 
how to fly (just fly; not land) the simu- 
lated airplane. The simulation is not easy 
to master, like many Lunar Lander type 
programs. Practice is required to get the 
feel of the flight response of the particular 
airplane design chosen. In addition, the 
response changes with altitude due to the 
change in air density. | havé seen some 
sessions last more than six hours (computer 
time, not flight time), eventually ending 
in a crash. The longest flights tend to be 
those in which the flying option is chosen. 


This has initial conditions in which the 
airplane is flying at seven miles altitude 
50 miles from the runway, heading in the 
wrong direction. The pilot must learn to 
navigate somewhat to make a proper landing. 

Beginners usually discover quickly that it 
is not very difficult to accidently stall or, 
if the thrust is great enough, to loop the 


_airplane..A tendency to loop is particularly 


apparent for high lift or high thrust airplane 
designs. Recall the balsa wood (or styro- 
foam) gliders of your youth; when the main 
wing was moved forward, the airplane hada 
tendency to loop and stall in a cyclic 
fashion. A similar situation is possible under 
certain conditions in this simulation. 

The simulation is sufficiently complete 
to allow not only flying loops, but also 
rolling and flying upside down (if the angle 
of attack is sufficiently negative),. and 
perform the aerobatics normally associated 
with flying. 


A very simple simulation run is shown 


in listing 2. The take off option was chosen, 
with the intent being to immediately land 
after take off using the remaining runway, 
and then take off again. The flight path 
takes one through many flight regimes, 
including lift off, free flight, peo 
and runway maneuvers, 


Notes 


The ‘computer simulation presented has 
not been completely debugged even though 
it has been extensively exercised. A prob- 
lem with large simulations is that a bug 
may go undetected for some time. To aid 
in fixing such problems and upgrading the 
simulation submodels, a variables fist is 


‘given in table 1. 


Although the physical description of the 
aerodynamics of flight is not rigorous in 
all its subelements, the model approxima- 
tions are sufficient to simulate the general 
interactive characteristics of flying. This 
philosophy of subsystem approximation 
for the sake of system simulation is key 
to the successful modeling of many systems. 
Quite often it is too easy to get bogged 
down in the details of modeling the elements 
only. to find that the important system 
features may be demonstrated using less 
than precise inputs. This flight simulator 
is one such example. 
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Program Notes 


The simulation was encoded using a subset of North Star BASIC, 
Version 6 Release 2. | tried to avoid using special functions which 
may not be available in less advanced BASIC interpreters so that the 
program could be easily translated into most BASICS. The statement 
line widths were generally kept below 40 characters because of the 
printout limitations of my SWTPC PR40 matrix printer. , 

There are a few peculiarities of North Star BASIC which must be | 
observed in making a translation to another BASIC. . : 

Line Delimiter: \n MITS BASIC, two or more statements can be 
placed on one line if they are separated by a colon. North Star BASIC 
uses a backslash. When listing the program using Processor Technology’s 
VDM-1 system this: results in a NEW SPEED request. The VDM-1 
driver can easily be changed (see manual) so that some less troublesome 
character prompts a display speed change. 

Strings: All strings in North Star BASIC are one dimensional and, if 
greater than ten characters in length, must be subscripted. This is not 
necessary in MITS BASIC; lines 20 through 50 may be deleted and 
replaced with: 


20 DIM K(12). 


Format: \n North Star BASIC, the carriage return after a print 
statement can be avoided by using a comma. In MITS BASIC, a semi- 
colon is used. 

The basic operators used are fairly standard: + ,—,/,*,<,=,> and f. 
The functions called are SIN, COS, SQRT, EXP, ABS and INT. The 
commands employed are IF-THEN, GOTO, GOSUB, RETURN, IN- 
PUT, PRINT, STOP, and REM. These capabilities are common to most 
BASIC interpreters. Observe that two functions are conspicuously 
missing: LOG and ATAN. The logarithm function is not used and the 
inverse tangent function is calculated in a subroutine since several 
BASICs, including North Star’s, do not have this function. 

Running the program in the form shown in listing 1 requires about 
14 K bytes of program memory. Removal of all REM statements, the 
instruction subroutine, and the instruction string list reduces the mem- 
ory requirement to about 8 K bytes. A further memory savings can be 
incurred if an ATAN function is used along with the commands IF- 
THEN-ELSE, and ON-GOTO. 

Program execution is relatively fast. The majority of the time is 
spent printing out conditions and awaiting pilot input. The longest 
pause associated with actual computing (based on an IMSAI 8080 with 
fast memory) is less than 7. seconds. Although the program looks long 
and inefficient in BASIC, little would be gained by going to machine 
language or a compiler unfess graphics were to be included. Graphical 
displays require very rapid updating routines and necessitate the use 
of machine language routines..A small part of the inefficiency apparent 
in the program is due to its user-oriented structure. All internal 
calculations are performed in metric units, while all 1O routinés use the 
traditional units such as knots and feet.™ 


REM MICROCOMPUTER FLIGHT SIMULATOR 
REM WRITTEN BY F.R. RUCKDESCHEL 
REM 773 JOHN GLENN BLVD. 
REM WEBSTER, NEW YORK 14580 
REM VERSION 4 AS OF 1900 HOURS, 3713/78 
DIM K(12),R$(26) ,S$(14) ,T$(9) 
DIMC$(11),D$( 18) ,E$(19) ,F$(21) ,G$(14) 
DIMH$( 16), 1$(14) ,3$( 20) ,K$(20) ,L$( 20) 
DIMM$(15),N$(21), "0$(32), P$(14) ,Q$(12) 
P223.1H1595\P3= 3. 28\PH257 28 
P5=1609\P6=.5148\G=9.8 

PRINT "***® FLIGHT SIMULATOR seen 

PRINT "THIS PROGRAM SIMULATES FLYING," 
PRINT "LANDING AND TAKE-OFF" 


GOSUB 5160 
PRINT "DO YOU WISH TO FLY (TYPE ye 
PRINT “OR TAKE-OFF (TYPE 0):*, 
T9=0 
THzO\V=O\S1=0 
INPUT Z 
IF Z=1 THEN GOTO 240 
IF 2Z=0 THEN GOTO 500 
IF Z<>1 THEN GOTO 160 
GOSUB 750 : 
REM FLIGHT CHARACTERISTICS INPUT 
GOSUB 930 


REM INITIAL FLIGHT CONDITIONS 
GOSUB 650 

REM STALL SPEED CALC. 

GOSUB 1180 ; 

REM CALC. OF CONSTANTS 

IF X3<0 THEN X3=0 

GOSUB 1810 

REM COCKPIT DISPLAY 

GOSUB 2950 

REM CONTROL TOWER 

GOTO 3520 

REM TOUCHDOWN TEST 

IF X3=0 THEN GOTO 4150 

REM RUNWAY MANEUVERS 

GOSUB 3180 

REM PILOT INPUT 

GOSUB 2390 

REM ENGINE TEMP ROUTINE 

IF T1>=16/P4 THEN GOSUB 2580 
GOSUB 1420 

REM NEW VELOCITY CALCULATION 
GOTO 320 

REM SHHHRHRSERE PSHE NESE A EE 
REM TAKE-OFF EXECUTIVE 

GOSUB 4450\GOSUB 750 

REM FLIGHT CHARACTERISTICS INPUT 
GOSUB 650 

REM STALL SPEED CALC. 

GOSUB 1180 

REM CALC. OF CONSTANTS 
PRINT\PRINT\PRINT 

PRINT "READY FOR TAKEsOFF® 
GOSUB 4500 

REM TAKE OFF ROUTINE 

IF L<M®G THEN GOTO 590 

PRINT "YOU ARE IN THE AIR" 

GOTO 320 

REM SEREEREHREHEERRER ARES 

REM STALL SPEED CALC. 

REM F=FLAPS 

REM Vi=MAX. SPEED 

REM T2=GLIDE ANGLE 

REM N1=THRUST RATIO 

REM V2=STALL SPEED 
V2=VI#SIN(T2)/(24N1) 
V2=V2"(1+0.38ABS(SIN(B))) 
V2=V2"*SQRT(1.5/(1.04+F/2) )\RETURN 
REM S#RESHHRRERERRR RARE ES 

REM FLIGHT CHARACTERISTICS 
PRINT" INPUT THE FOLLOWING" 
PRINT "MASS(TONS): ",\INPUT M 
PRINT"FUEL (TONS): ",\INPUT F9 
PRINT"THRUST FRACTION: ",\INPUT NI 
Nit=1.258N1 

PRINT "MAX SPEED(KNOTS): *, 
INPUT V1 

PRINT"GLIDE ANGLE( DEGREES) :" 
INPUT T2\T2=ABS(T2) 

PRINT"TIME ee T3 
M=M®QO7T\VIsVIFPE\T2=T2/ Pa 
F9=F9®907 

MO=M\M=M94F9 

PRINT\PRINT 

PRINT"READY FOR FLIGHT" 
PRINT\PRINT\PRINT\ RETURN 

REM SHRHHAHERRETESERE REESE 
REM INITIAL FLIGHT CONDITIONS 
REM X1,X2 AND X3 ARE POSITIONS 
REM S1, S2 AND S3 ARE VELOCITIES 
REM INITIAL VELOCITY IS 3/4 MAX. 


970 REM INITIAL ALTITUDE IS 7 MILES 
980 X1=50.032/SQRT(2)\X2==X 1NX3=7 
990 St=.75*®V1/SQRT(2) 

1000 X1=X1#PS\X2=2X2*PS\X3=X38P5 
1010 S2=-SI\V=0.75#V1\S3=0 

1020 REM B=BANK ANGLE 

4030 REM D3=CLIMB ANGLE 


~1040 REM GTt=LANDING GEAR 


1050 REM N3=THRUST 

1060 FeO\T1=0\N3=.3\Bs0\T9=280\F 120 
1070 R9=-10 

1080 REM T1=ANGLE OF ATTACK 

1090 N2=O\D3=O\G1=O\RETURN 

1100 REM S#SHRERREEHERRERERERES 

1110 REM STALL PENALTY 

1120 REM PLANE LOSES LIFT 

1130 FOR J=1 TO 6 

1140 L=L®*v/v2 

1150 NEXT J 

1160 RETURN 

1170 REM HHRRSERSSKRRERHREREERE ~ 
1180 REM CALC. OF CONSTANTS ; 
1190 REM G=GRAVITATIONAL ACCELERATION 
1200 REM C1=FRICTIONAL DRAG COEF. 
1210 C1=N1#M*G/V1 

1220 REM C2=INDUCED DRAG COEF. 

1230 C2=C1*(V2"3)/( (M*G®COS(T2) )*2) 
1240 REM C3=LIFT COEF. 

1250 C3=M#G#COS(T2) 

1260 €3=C3/((V2"*V28(1.04+5916/PH) )) 
1270 C3=1.5%C3 

1280 RETURN 

1290 REM HERRKSRKEKRSRAKAHEKAEE 

1300 REM LIFT AND DRAG CALCULATIONS 
1310 REM L=LIFT D=DRAG 

1320 P1sEXP(-X3/7000) 

1330 IF V=0 THEN V=0.0000001 

1340 L=C3#(1.4F/2)#(1.0458T1) #v8y 
1350 L=L®P1#(121/(14(V-V2)#(V-V2))) 
1360 IF V<V2 THEN GOSUB 1110 ; 
1370 REM LANDING GEAR (G1) ADDED TO DRAG 
1380 D=C2"LAL/(PISVEV)+C1#VE( 14.6861) 9P1 
1390 GOSUB 650 

1400 RETURN 

1410 REM SHRHRRRERENReaSeRaRAeS 

1420 REM NEW VELOCITY CALCULATION 
1430 REM FOUR POINT INTEGRATION 

Y4NO T3=T3/4 

1450 120 

1460 I=I+1 

1470 GOSUB 1300\GOSUB 1670\GOSUB 1730 
1480 Z=N1#N3*M#G#COS(T1)#P 

1490 Z=Z-M#G*SIN(D3)-D 

1500 Y=L*SIN(B)/COS(D3) 

15910 W=T3/(M#V) 

1520 S1=S14W*(Z*S1-Y#S2) 

1530 S2=S2+W*®(Z#S2+Y8S1) 

1540 S3=V#SIN(D3) 

1550 V=SQRT(S1#S1+S2#S2+S3#S3) 

1560 X1=X14S1®T3\X22X24+S29T3 

1570 X3=X3+S3"T3 

1580 IF X3<O THEN Is& ; 

1590 IF I<4 THEN GOTO 1460 

1600 T3=T3*4 

1610 REM WIND EFFECTS 

1620 GOSUB 5070 

1630 X1=X14+S4#T3 

1640 X2=X2+S5*T3 

1650 RETURN 

1660 REM S#HHRSTREKEK RATERS TEASE 

1670 REM NOSE ANGLE CALCULATION 

1680 REM TI=NOSE ANGLE REL. TO FLIGHT © 
1690 REM T1=ANGLE OF ATTACK ALSO 

1700 IF ABS(T1)>16/P4 THEN GOSUB 2580 . 
1710 RETURN 

1720 REM SHFFKTASPHTSRSRRG REESE 

1730 REM CLIMB ANGLE CALCULATION 

1740 T7=NISN3"G*SIN(T1)/¥ 

1750 T7=T7-G*COS(D3)/V+L*®COS(B)/(M#V) 
1760 D3=D3+T3*®T7 

1770 IF D3>P2 THEN D3=D3-P2 

1780 IF D3<-P2 THEN D3=D3+P2 


1790 RETURN 


1800 REM #eetsesenecnaneasensee 


1810 REM COCKPIT DISPLAY 

1820 PRINT O$\PRINT\PRINT 

1830 PRINT"ALT.: * ,INT(X3®P3), * PEET® 
1840 PRINT"SPEED: ",INT(V/P6)," KNOTS” 
1850 GOSUB 650 

1860 REM STALL SPEED CALC. 

1870 IF ¥>=¥2 THEN GOTO 1910 

1880 PRINT\PRINT O$ 

1890 PRINT\PRINT "##8*#STALLSSE® 

1900 PRINT\PRINT 0$ 

1910 PRINT"STALL SPEED: *, 

1920 PRINT INT(V2/P6), 


Listing. 7: North Star 
BASIC listing of the flight 
simulator. Comments on 
the program are in. the 
accompanying text box. 
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Listing 1, continued 
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2510 
2520 


2540 
2550 


2600 
2610 
2620 
2630 


2710 
2720 


2740 
2750 


2800 
2810 


2880 


PRINT." KNOTS" 
PRINT"ENGINE TEMP: " sENT(T9) " DEG" 
GOSUB 2320 
PRINT"FUEL" , INT(2.2"F9) ," LBS." 
PRINT "FLAPS: mINT(1008F1)/ 100; 
PRINT " DEGREES" 
PRINT "TRIM: ®, INT(R9®100)/100,: 
PRINT * DEGREES" 
PRINT "THRUST: *, INT( 100®#N3)/100 
PRINT "BANK: ",INT(B®572.8)/10, 
PRINT " DEGREES" 
PRINT "ATTACK ANGLE: .", 
PRINT INT(T1®P¥*#10)/10, 
PRINT " DEGREES" | 
PRINT"HORIZON: *, 
PRINT INT(10# (D34T1)8PH)/10, 
PRINT " DEGREES® . 
PRINT "HEADING OFF EAST: *, 
M1=S1\M2=-S2 
GOSUB 2720 
GOSUB 2230 ; 
PRINT "LANDING GEAR: *, 
IF Giz0 THEN PRINT " UP" 
IF Gtz1 THEN PRINT ™ DOWN" 
THzTaeT3 
PRINT "FLIGHT TIME: *, 
PRINT INT( 10*T4/6)/100, * MIN,* 
GOSUB 4970 
GOSUB 2630\RETURN ° ” 
REM HHSRHORHRREHABEEESERAE 
REM DIVE SPEED TEST 
IF V<1,29V1 THEN RETURN 
PRINT\PRINT O$ ~ 
PRINT S$\PRINT O$\PRINT 
IF V¢1.48V1 THEN RETURN 
PRINT\PRINT T$\PRINT FS 
PRINT C$\PRINT D$ : 
GOTO 5830 
REM HHRERSRECHRETERORES EERE 
REM FUEL CONSUMPTION SUBROUTINE 
F9=F9=T39(N3#2) #(N3%2) #M9/200000 
IF F9<O THEN F9=0 
IF F920 THEN Tz0 
MtM94F9 
RETURN 
REM radaenatcoancinenaans 
REM ENGINE TEMPERATURE 
FOR Iz1 TO 8\K(I)= as I 
K(9)2N3\T9ZO\FOR I=2 TO 
T92TO+K(1)® (1-1) #3. aNHENT I 
T9=T94+340 
7T92T9*(14P1)/2\1F ee THEN 19575, 
IF T9<430 THEN GOTO 2500 
IF T9>=450 THEN GOSUB 2520° 
IF T9<450 THEN PRINT 
IF T9<450 THEN PRINT "®ENGINE®™ 
IF .T9<450 THEN PRINT*#®®HOT#S aH 
RETURN 
REM PYITTITIITTT TTT iii tt) 
Rew ERGINE WARNING 

RI 

PRINT “®*®*ENGINE OVERHEAT###s 
PRINT*POWER OFF"\PRINT 
N3=O0\RETURN ty 
REM PertTTerrTrrTT TTT TTL) ae 
REM ATTACK ANGLE PASS CRITICAL 
FOR Jz1 TO 4 

L=L*¥16/(PY8T1) 

NEXT I\RETURN 

REM SHESESHOHHTERRESEEAEEE 
REM LANDING GEAR WARNING 
IF Gi=21 THEN RETURN : 

IF X3>30 THEN RETURN 
PRINT\PRINT 
IF D3>0 THEN RETURN 
PRINT "#*#WARNINGSSO"- : 
PRINT "LANDING WITH GEAR UP" 
RETURN 
REM SHHSERHRAHH ERE ROH EEE 
REM INVERSE TANGENT 
REM APPROXIMATIONS FOR DIGITAL 
REM COMPUTERS 
REM BY CECIL HASTINGS,JR. 

REM PRINCETON UNIVERSITY PRESS 
L4=(0.0000001)*3 
IF ABS(M2)<L4 THEN -M2z28L4 

IF ABS(M1)<L4 THEN M1z2*L4 
X=M2/M1 

IF ABS(X+4)<LY THEN XsL#e4 

IF X<O THEN X=-X ‘ 
X2(K-1)/(X41)N\L1= a2 30 
L2z~-.288679\L3=.07933 

U2=3. Th 1S9/ Mek T8XALSE CX" 3)0L38 (x 5) - 
IF M1>0 THEN GOTO 2900 

IF M2>0 THEN U2=P2-02 
IF M2<O THEN U2=P2+U02 


GOTO 2920 : 
IF M2>0 THEN U2-U2 
IF M2<O0 THEN U2=2*P2-U2 
PRINT INT(U2#572.84.5)/10," DEG. " 
ET 
RETURN isaesveeeasiuenss 
REM CONTROL ‘TOWER 
PRINT\PRINT 
PRINT "CONTROL TOWER MESSAGE" 
PRINT 0$ 
ReSQRT(X1#X14X2"X2) ; 
PRINT "RANGE: “,INT(R/16. 1)/100, 
PRINT " MILES" 
P$="DESCENT RATE: ® 
Q$="CLIMB RATE: ° 
IF S3<O THEN PRINT P$, 
IF S3>:0 THEN PRINT Q$, 
PRINT INT(ABS(S3)*P3), 
PRINT * PEET/SEC"\M2=-X2\M12-X1 
PRINT "POSITION OFF RUNWAY: ", 
GOSUB 2720 
PRINT "WIND DIRECTION: ", 
M1=S4\M2z~S5 
GOSUB 2720 
PRINT "WIND SPEED: ", 
PRINT TNntsqnrcevesurss®ss)/#6), 
PRINT " KNOTS" 
RETURN 
REM SHSRHHHRBOAHRAREERRERE 
REM COCKPIT CONTROL 
PRINT\PRINT 
PRINT "COCKPIT CONTROL", 
INPUT B$ 
REM CsCONTINUE ‘ 
IF B$<>"C" THEN INPUT Y1 
IF B$="C" THEN RETURN 
REM T=THROTTLE OR THRUST 
IF B$="T" THEN N3=Y1 
IF N3>1 THEN PRINT M$ 
IF N3>1 THEN N3=1 
REM BzBANK ANGLE 
IF B$2"B" THEN BeY1 
IF ABS(B)>=360 THEN PRINT RE 
IF ABS(B)>2360 THEN GOTO 3300 
IF B$="B" THEN BsB/Pe 
REM EzELEVATORS 
IF B$2"E" THEN T12(¥1/P4)*(V/¥1) 
REM SzSECONDS 
IF B$z"S" THEN T3=Y1 
REM FzFLAPS | 
IF B$="F" THEN F12Y1 
IF F1<0 THEN GOTO 3210 
IF FI>45 THEN FIstS®ABS(F1)/F2 
REM RzTRIM 
IF B$:"R" THEN R92Y1 
IF ABS(R9)>10 THEN R9s 10" ABS(R9)/RO 
Fz(F1+3*R9)/75 
REM GzLANDING GEAR 
IF B$="G" THEN Giz¥t 
IF G1>0 THEN G121 
IF G1¢20 THEN G120 
PRINT\PRINT\GOTO 3210 
REM #e@eteennasantannetene 
REM TOUCHDOWN 
IF X3>0 THEN GOTO 390 ~ 
X320 
IF Gis? THEN GOTO 3610 
PRINT\PRINT\ PRINT 
PRINT C$ 
PRINT "LANDED WITH GEAR uP 
PRINT D$ 
GOTO 5830: 
IF ABS(X2)<4 THEN GOTO 3650 
PRINT\PRINT\PRINT C$ 
PRINT E$\PRINT D$\GOTO 5830 
PRINT D$\GOTO 5830 
IF X1<O THEN GOTO 3620 - 
IF X1>295280/3.28 THEN GOTO 3620. 
IF (D3+T1)"P4>0 THEN GOTO 3870 
IF (D3+T1)*P4><6 THEN GOTO 3740 
PRINT\PRINT 0$ 
PRINT C$ : 
PRINT F$ 
PRINT D$ 
GOTO 5830 
PRINT\PRINT O$\PRINT 
PRINT "NOSE WHEEL HIT FIRST* 
PRINT 
32-D3/2 
S3=D3*V/2 
Y=0.98V 
X3=S3*T3 
PRINT "#**BZOQUNCES BE” 
PRINT\PRINT “ALTITUDE: *, 
PRINT INT(X3*P3)," FEET" 
PRINT “CLIMB ANGLE: * INTC 10®D3®P4)/10, 


PRINT " DEGREES® 

GOTO 410 

IF ABS(S2)>3 THEN GOTO 3620 
PRINT\PRINT\ PRINT 

PRINT IVYITIItTiviiiiiitiiis 
PRINT *##®TOUCHDOWN# #8" 
PRINT 

IF §3>=-.5 THEN PRINT G$ 

IF $3>-.5 THEN GOTO 4010 
IF §3>-1.5 THEN PRINT H$ 
IF $3>=-1.5 THEN GOTO 4010 
IF $3>-10 THEN PRINT 1$ 

IF S3>-10 THEN GOTO 4010 
PRINT\PRINT\PRINT 

PRINT C$\PRINT I$\PRINT F$ 
PRINT D$ ' 

PRINT\PRINT 

REM RUNWAY BOUNCE TEST 

IF $3>-1.5 THEN GOTO 4130 
PRINT "#**BOUNCES HER 
S3=0.5*ABS(S3) 

D3=S3/V 

X3=S3*T3 

PRINT\PRINT "ALTITUDE: ", 
PRINT INT(X3#P3)," FEET" 
PRINT "CLIMB ANGLE: 
PRINT " DEGREES" 
GOTO 410 

GOTO 390 
PYTTTITITI TTT itt iti i itt} 
REM RUNWAY MANEUVERS 
R2z10560-P3*X1 

IF R2>0 THEN GOTO 4220 : 
PRINT\PRINT\PRINT C$\PRINT NS 
IF S1<10 THEN PRINT L$ 

IF $1>10 THEN PRINT D$ 

IF S1>10 THEN GOTO 5830 

PRINT "RUNWAY SPEED: ", 

PRINT INT(S1/P6 )," KNOTS" 
PRINT INT(R2) ,K$ 
PRINT*"THRUST:",\INPUT N3 

IF ABS(N3)>1 THEN PRINT M$ 

IF ABS(N3)>1 THEN GOTO 4250 
IF N3>0 THEN GOTO 590 

REM SWITCH TO TAKE-OFF ROUTINE 
N3=N3/2 

REM FUEL CALC. 

GOSUB 2320 


0 GOSUB 1300 


S12S1+(N3#N19G-ABS(D/M) )#T3 
VzABS(S1) 

X1=X14S518T3 

PRINT "LIFT (4%): ", 

GOSUB 1300 

PRINT INT(100*L/(M#G) ) 

IF L>M®G THEN GOTO 620 

IF ABS(S1)>1/3.28 THEN GOTO 4160 
PRINT "LANDING COMPLETE" 

PRINT INT(R2),K$\GOTO 5830 

REM SSRSERRHHRERERREAHRERAS 

REM TAKE-OFF INITIALIZATION 
X120\X220\X320\S1=0\S2=0\S320 
F=O\G1= 1\N3=0\D320\N220\R92=10 
T9= 300\TIZO\RETURN 

REM HAKERESERHERHRRGEREEGS 

REM TAKE-OFF ROUTINE 

PRINT "THRUST: ",\INPUT N3 

IF ABS(N3)>1 THEN PRINT M3 

IF ABS(N3)>1 THEN GOTO 4510 
REM FUEL CALC. 

GOSUB 2320 

REM ENGINE TEMP CALC.- 

GOSUB 2390 

PRINT "FLAPS: *,\INPUT F1 

IF F1<0 THEN GOTO 4580 

IF ABS(F1)>45 THEN F1z45®ABS(F1)/F1° 
F2(F143®R9)/75 

PRINT "ELEVATOR DEGREES: ®,\INPUT 11 
IF ABS(T1)>45 THEN GOTO 4620 
TIeTIU/PANT t2(V/V1D ETI 
PRINT\PRINT O$ 

PRINT "HORIZON: * ,INT(T1®PH®10)/10 
REM FOUR POINT INTEGRATION 
T32T3/4 

FOR Iz1 T0 & 

GOSUB 1300 

S128 14(N39N18G-D/M) ET3 
VzS1\X12X14S81#T3 

NEXT I\T32T3#4 

PRINT "RUNWAY SPEED: ®,  ~ 
PRINT INT(S1/P6),* KNOTS" 
GOSUB 650 

PRINT “STALL SPEED: *, 

PRINT INT(¥2/P6)," KNOTS® 

REM LIFT AND DRAG CALC. 

GOSUB 650 


" JINT(10®D3"P4)/10 


4810 
4820 
4830 


- WBKO 


4850 
4860 
4870 


4880 


4890 
4900 
4910 
4920 
4930 
KQ4O 


“4950 


4960 
4970 
4980 
4990 
§000 
5010 
§020 
5030 
5040 
5050 
5060 
5070 
5080 


5090 


5100 
5110 
5120 
5130 


5140, 


§150 
5160 
5170 
5180 
5190 
5200 
5210 
5220 
5230 
5240 
5250 
5260 
5270 
5280 
5290 


- §300 


5310 
5320 
5330 
5340 
5350 
5360 
5370 
5380 
5390 


5400 


5410 
5420 
5430 
54u0 
5450 


“ 5460 


5470 
5480 
5490 


$500 


5510 
5520 
5530 
5540 
5550 
5560 
5570 
5580 
5590 
5600 
5610 
5620 
5630 
5640 
5650 


“5660 


5670 
5680 
5690 
5700 
5710 
5720 
5730 
5740 
5750 
5760 


PRINT "LIFT (4): *, 

PRINT INT(100®L/(M®G)) 

R22 10560-P3*X1 

IF R2>0 THEN GOTO 4870 
PRINT\PRINT\PRINT C$\PRINT N$_ 
PRINT D$\GOSUB 5830 

PRINT INTCR2) ,K$\TH=T4+T3 
PRINT “FLIGHT TIME: ",INT(TA), 
PRINT " SECONDS" 

PRINT O$\PRINT 

IF L<M*®G THEN RETURN 
PRINT\PRINT\ PRINT 

PRINT "#8*LIFT OFFS#8R 
D320. 1#V/VINK3=2D30¥ 
S$3=T3®(L=M#G)/M 

RETURN 

REM rvTvriiiitititiiitit ity 
REM ICE STORM 

IF AND(ABS(V/¥1)/2)>.01 THEN RETURN 
M9=2.08M9 

PRINT\PRINT 
PRINT" ##®* DANGERS HOR 
PRINT"SLEET STORM" 
PRINT®WINGS ICING UPIII* 
RETURN 

REM PePPTTTTiTiTT TTT rye 
REM WIND EFFECTS 
B9=ABS((V/V1)/3) 
C9=ABS((V/V1)/4) 
B9=RND(B9)\C9=RND(C9) 

IF B9>.1 THEN RETURN 
S4=(48(B9-.05) #V4S4)/2 

IF C9>.1 THEN RETURN 
S$5=(4*(C9-, 05)®V+S5)/2\RETURN 
REM SHHeseeseeahegeseaane 
REM MESSAGE LIST 
C$="#RECRASHH MEN 

D$="*##NO SURVIVORS#EES 
E$="*@*MISSED RUNWAY*##" 
F$="**8LOSS OF CONTROL##O" 
G$="TOUCHDOWN SOFT" 
H$="TOUCHDOWN MEDIUM" 
I$="TOUCHDOWN HARD" 

K$=" FEET OF RUNWAY LEFT" 
N$="RAN OFF END OF RUNWAY" 
L$="DAMAGE TO PLANE ONLY® 


M$="MAX. THRUST = 1" 
OS=eMHRAHHEHETEAESEORSESEER RS ERRR ER EET 


-R$="MAX. ROLL IS 360 DEGREES" 


S$="DANGEROUS DIVE" 

T$="LOST WING" 

PRINT\PRINT O$\PRINT | 
PRINT"#**®BASTC INSTRUCTIONS#@@" 
PRINT*"DO YOU @ISH INSTRUCTIONS?", 
PRINT" (Y/N): ",\INPUT B$ 

IF B$="N" THEN RETURN 

PRINT\PRINT 

PRINT"THERE ARE TWO INITIAL LICH", 
PRINT"T CONDITIONS. ONE STARTS 'T", 
PRINT"HE PLANE 50 MILES FROM THE", 
PRINT" AIRPORT AT AN ALTITUDE OF", 
PRINT" SEVEN MILES. THE OTHER ST", 
PRINT"ARTS ON THE RUNWAY. .THE FL", 
PRINT" IGHT CHARACTERISTICS OF TH", 
PRINT"E PLANE ARE DEFINED BY THE", 
PRINT" USER. THEY ARE:*" 


PRINT" MASS OF THE PLANE" 
PRINT® THRUST AS A FRACTION" 
PRINT® OF THE PLANE WEIGHT" 
PRINT" MAX. LEVEL FLIGHT SPEED" 
PRINT" GLIDE ANGLE AT STALL" 
PRINT" ELEVATOR COEF. (NOSE)*" 
PRINT" TIME INCREMENT" 


PRINT\PRINT\PRINT"THERE ARE TWO *, 

PRINT“MESSAGE SETS. ONE IS A COC", 

PRINT"KPIT DISPLAY WHICH IS SELF ", 
PRINT"EXPLANATORY.. THE OTHER IS ", 

PRINT"A CONTROL TOWER MESSAGE GI", 

PRINT"VING RANGE, DESCENT RATE A", 

PRINT*ND POSITION RELATIVE TO TH", 

PRINT"E RUNWAY. THE FLIGHT CONTR", 

PRINT"OL FUNCTIONS ARE:" 


PRINT" ©C=CONTINUE WITH SAME" 
PRINT" T=FRACTION OF MAX THRUST® 
PRINT® B=BANK ANGLE IN DEGREES" 
PRINT" E=ELEVATOR (DEGREES)* 
PRINT" | F=FLAPS (0 TO 45 DEG.)" 
PRINT" R=TRIM (DEGREES)" 

PRINT" G=LANDING GEAR(O UP/1 DN)" 
PRINT®  S=NEW TIME INCREMENT" 


PRINT\PRINT"IT IS SUGGESTED THAT", 
PRINT" THE TAKE OFF OPTION BE FI", 
PRINT"RST CHOSEN FOR EXPERIENCE.", 
PRINT" A GOOD STARTING TIME INCR", 
PRINT"EMENT IS THREE SECS. A REA", 
PRINT"SONABLE STARTING PLANE WOU", 


Listing 1, continued 
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5770 
5780 
5790 
5800 
5810 
§820 
5830 
5840 
§850 
5860 
5870 


PRINT"LD BE 1 TON, FUEL .3 TONS,", 5880. PRINT"FUEL LEFT: ” INT(E9#2.2), 


PRINT" THRUST OF .3,.A MAX SPEED", 5890 PRINT " LBS." 

PRINT" OF 180 KNOTS, GLIDE ANGLE", 5900 PRINT"FINAL SPEED: " sINTCV/P6), 
PRINT" OF 11 DEGREES. GOOD LUCK." 5910 PRINT " KNOTS" - 

RETURN ; - §920 PRINT"FINAL HORIZON: *%, 

REM seeeeneeeneaeeeneeeres: 5930 PRINT INT((D3+T1)*®P4),” “‘DEGREES® 
REM FINAL STATUS : ee 5940 PRINT'TRY AGAIN? (Y/N): *, 
PRINT\PRINT\PRINT 5950 INPUT B$\IF B$<>"N" THEN GOTO 160 
PRINT"FINAL FLIGHT STATUS"\PRINT 5960 PRINT"GOODBYE. COME AGAIN SOON." 
‘PRINT"TIME OF FLIGHT: ", : 5970 END 

PRINT INT(10*T4/6)/100," MIN.® READY 


Table 1: This table of variables and parameter definitions will aid in up- 
dating the simulation in listing 7. 


bank angle (radians) 

random number in wind effects routine 
frictional drag coefficient 

induced drag coefficient 

lift coefficient 

random number in wind effects routine — 
drag (Newtons) 

climb angle (radians) 

total flaps, including trim (normalized; 45° =.1) 
flaps 

fuel supply (kilograms) 

gravitational constant (meters/second2) 
landing gear index (0 or 1) 

thrust sequence 

lift (newtons) 

constant in ATAN routine 

constant in ATAN routine 

constant in ATAN routine 

small constant very near zero 

total airplane mass (kilograms) 

dummy variable passed to ATAN 

dummy variable passed to ATAN 

initial plane (minus fuel) mass (kilograms) 
maximum thrust ratio (normalized) 
fraction of available power used (normalized) 
air density (normalized) 

Tv fe 

feet to meter conversion factor 

degrees to radian conversion factor 

meters to mile conversion factor 
(meters/second) to knots conversion factor 
elevator control (radians) 

range of plane from runway (meters) 
length of runway left (feet) 

trim (radians) 

eastward speed component (meters/second) 
northward speed component (meters/second) 
vertical speed component (meters/second) 
eastward wind component (meters/second) 
northward wind component (meters/second) 
attack angle (radians) 

glide angle (radians) 

time increment (seconds) 

accumulated time (seconds) 

dummy variable 

engine temperature (°F) 

angle (radians) 

line of flight speed (meters/second) 
maximum sea ievel speed (meters/second) 
stall speed 

dummy variable 

dummy variable in ATAN routine 

east coordinate (meters) 

north coordinate (meters) 

altitude (meters) 

dummy variable 

dummy input variable © 

dummy variable 


= 
— 
= 
= 
= 
= 
= 
= 
= 
= 
= 


RUN 


##* FLIGHT SIMULATOR ##* 
THIS PROGRAM SIMULATES FLYING | 
LANDING AND TAKE-OFF 


HEESSATHSEGRERESTEEREERER BREESE 


#*#BASIC INSTRUCTIONS##® 


DO YOU WISH INSTRUCTIONS? (Y/N): 2N 


DO YOU WISH TO FLY (TYPE 1) 
OR TAKE-OFF (TYPE 0):70 
INPUT THE FOLLOWING 
MASS(TONS): 21 

FUEL (TONS): ? 3 

THRUST FRACTION: ? 3 

MAX SPEED(KNOTS): 2180 
GLIDE ANGLE( DEGREES) :?11 
TIME INCR.(SEC) 373 


READY FOR FLIGHT 


READY FOR TAKE-OFF 
THRUST: 21 

FLAPS: 720 

ELEVATOR DEGREES: 70 


HORIZON: O 
RUNWAY SPEED: 20 KNOTS 
STALL SPEED: 61 KNOTS 
LIFT (4): 0 

10494 FEET OF RUNWAY LEFT 


FLIGHT TIME: 3 SECONDS 
SHSSPRARRTESRARHEATREA SERRE EO EEE 


THRUST: ?1 
FLAPS: 225 
ELEVATOR DEGREES: 70 


SHEFERTHRFEHAAEEHE HEHEHE HRS SHE EEE 


HORIZON: O 
RUNWAY SPEED: 37 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (4%): 1 

10336 FEET OF RUNWAY LEFT 
FLIGHT TIME: 6 SECONDS 


SRARHKHRERERERERHESSSAELEREREREE — 


THRUST: 21 
FLAPS: 225 
ELEVATOR DEGREES: 70 


HHSSHRAHHEERHSS HEAL AER RE RHEE RES 


HORIZON: 0 
RUNWAY SPEED: 51 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (%): 29 

10099 FEET OF RUNWAY LEFT 


FLIGHT TIME: 9 SECONDS 
SESAHHAEREOHERRRERREE SESE REE RE ED 


THRUST: 2% 
FLAPS: 225 : 
ELEVATOR DEGREES: 70 


SHHAHHSSAHERHEESERHESHESSEGERERE 


HORIZON: 0 

RUNWAY SPEED: 61 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (4%): 76 

9804 FEET OF RUNWAY LEFT 


FLIGHT TIME: 12 SECONDS 
SSEPERHAHEHEREERER EERE ERE E EEE 


THRUST: ?1 


SENGINE® 

eeeyopeee 

FLAPS: 725 

ELEVATOR DEGREES: 78 


REQRRGERERSRDERAS RAE EEEDEE EEE SES 
HORIZON: 2.7 
RUNWAY SPEED: 66 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (%): 116 
9475 FEET OF RUNWAY LEFT 


FLIGHT TIME: 15 SECONDS 
SHUCSEHAETERRARREHE REA RAA SOE ES 


#eaLIFT OFFEt? 
YOU ARE IN THE AIR 


PTTTTITITITITITTT TEL 


ALT : 4 FEET 

SPEED: 66 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 436 DEG 
FUEL 591 LBS. 

FLAPS: 25 DEGREES 

TRIM: <5 DEGREES 
THRUST: 1 

BANK: 0 DEGREES 

ATTACK ANGLE: 2.7 DEGREES 
HORIZON: 4.8 DEGREES 
HEADING OFF EAST: 0 DEG 
LANDING GEAR: DOWN 
FLIGHT TIME: .3 MIN. 


CONTROL TOWER MESSAGE 
HSHSRAKAREATEARAERHEHEESEE EERE EE 
RANGE: .2 MILES 

CLIMB RATE: 15 FEET/SEC 
POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 45 DEG 

WIND SPEED: 0 KNOTS 


COCKPIT CONTROL?T 


?E 
20 


vie 


SENGINE® 
#eepoTese 


‘ALT : 9 FEET 


SPEED: 66 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 437 DEG 
FUEL 590 LBS. : 
FLAPS: 25 DEGREES 

TRIM: <5 DEGREES 
THRUST: .7 

BANK: 0 DEGREES 

ATTACK ANGLE: 0 DEGREES 
HORIZON: -.1 DEGREES 
HEADING OFF EAST: 0 DEG. 
LANDING GEAR: DOWN 
FLIGHT TIME: .35 MIN 


CONTROL ‘TOWER MESSAGE 
HHEFSSHSESSEREHERHERTSEREE SHARES 
RANGE: .26 MILES 

DESCENT RATE: O FEET/SEC 
POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 0 DEG 

WIND SPEED: 0 KNOTS 


COCKPIT CONTROL7E 


IT 
2.6 
7 


*ENGINE® 
#SEHOTERE 


SPESELEHKKSKHTHSEAHAERAREHESEER ES 


ALT.: 7 FEET 

SPEED: 64 KNOTS 
STALL SPEED: 53 KNOTS 
ENGINE TEMP: 434% DEG 
FUEL 590 LBS. 

FLAPS: 25 DEGREES 
TRIM: #5 DEGREES 
THRUST: ..6 

BANK: .O DEGREES 
ATTACK ANGLE: .6 DEGREES 
HORIZON: = 2 DEGREES 


Listing 2: Part of a typical 
session at a terminal with 
the simulator. Notice that 
the engines will begin to 
overheat if full throttle is 
applied for extended 
periods of time. It took 
several attempts to land 
the airplane _—_ without 
bouncing it. The nose 
must be pointed up or 
exactly parallel with the 
runway for the airplane 
to land safely. This out- 
put shows » that even 
someone who has been 
using the simulator for 
some time (an experienced 
pilot) can have some dif- 
ficulty controlling the air- 
plane’s motions, 
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HEADING OFF EAST: 0 DEG. 
LANDING GEAR: DOWN 
FLIGHT TIME: 4 MIN. 


CONTROL TOWER MESSAGE 
SHGRAREERARHERRESEEESEESENE TERED 
RANGE: .33 MILES 

DESCENT RATE: 1 FEET/SEC 
POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 0 DEG. 

WIND SPEED: 0 KNOTS 


COCKPIT CONTROL7E 


2c 


*ENGINE® 
seHOTess 
SSSESRSRERGRRESRERRORR ERED RRR EE 


ALT.: O FEET 

SPEED: - 64 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 430 DES 
FUEL 589 LBS 

FLAPS: 25 DEGREES 
TRIM: <5 DEGREES 


’ THRUST: .6 


BANK: 0 DEGREES 

ATTACK ANGLE: .7 DEGREES 
HORIZON: +1.7 DEGREES 
HEADING OFF EAST: 0 DEG 
LANDING GEAR: DOWN 
FLIGHT TIME: .45 MIN. 


CONTROL TOWER MESSAGE 
PTTTTIriTiitiriiyiiiititriiisi tis 
RANGE: .37 MILES 

DESCENT RATE: 4 FEET/SEC 
POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: O DEG 

WIND SPEED: 0 KNOTS | 


SHAKSFAKTRRSHSSRREHESHERRAARES ES 


NOSE WHEEL HIT FIRST 
###ROUNCES Of 


ALTITUDE: 3 FEET. 
CLIMB ANGLE: 1.2 DEGREES 


COCKPIT CONTROL?E 
22 


7c 
AHELAERAREAEBERESEERERERARE REESE 


ALT.: 3 FEET 

SPEED: .61 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 423 DEG 
FUEL 589 LBS 

FLAPS: 25 DEGREES 

TRIM: <5 DEGREES 
THRUST: .6 

BANK: 0 DEGREES 

ATTACK ANGLE: 2 DEGREES 
HORIZON: 2.5 DEGREES 
HEADING OFF EAST: 0 DEG. 
LANDING GEAR: DOWN 
FLIGHT TIME: .5 MIN. 


CONTROL TOWER MESSAGE 
rrr eit tig) 
RANGE: .44 MILES 

CLIMB RATE: 1 FEET/SEC 

POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 0 DEG. 

WIND SPEED: 0 KNOTS 


COCKPIT CONTROL?T 


2c 


SHESSCRHKEKHERESHRRARERAERE SAAS 


ALT : 0 FEET 

SPEED: 59 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 415 DEG 
FUEL 589 LBS 

FLAPS: 25 DEGREES 

TRIM: <5 DEGREES 
THRUST: .5 

BANK: 0O DEGREES oe 
ATTACK ANGLE: 2 DEGREES 
HORIZON: -.8 DEGREES | 
HEADING OFF EAST: 0 DEG. 
LANDING GEAR: DOWN 
FLIGHT TIME: .55 MIN, 


CONTROL TOWER MESSAGE 

Seer ar eres trnceeenessautee 
RANGE: .49 MIL 

DESCENT RATE: i FEET/SEC 

POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 0 DEG. 

WIND SPEED: 0 KNOTS 


NOSE WHEEL HIT FIRST 


ReFROUNCES Ee 


ALTITUDE: 3 FEET : 
CLIMB ANGLE: . 1,3 DEGREES 


COCKPIT CONTROL?E 
22.5 


2C 
SHEHEEHRERREMERAER ERT ERRER ERE 


ALT : 0 FEET 

SPEED: 59 KNOTS 
STALL SPEED: 53 KNOTS 
ENGINE TEMP: 409 DEG 
FUEL 588 LBS. 


’ FLAPS: 25 DEGREES 


TRIM: =5 DEGREES 

THRUST: 5 

BANK: 0 DEGREES 

ATTACK ANGLE: 2.5 DEGREES 
HORIZON: -.7 DEGREES 
HEADING OFF EAST: 0 DEG. 
LANDING GEAR: DOWN 

FLIGHT TIME: .6 MIN. 


CONTROL TOWER MESSAGE 
TPIT iei iii iiiiiiiiiiy) 
RANGE: .52 MILES 

DESCENT RATE: 5 FEET/SEC 
POSITION OFF RUNWAY: 180 DEG. 
WIND DIRECTION: 0 DEG. 

WIND SPEED: 0 KNOTS 


SSRHEHTESAEHEAAREREERARH SEE REEES 


NOSE WHEEL HIT FIRST 
##*BOUNCES ES 


ALTITUDE: 4 FEET 
CLIMB ANGLE: 1.5 DEGREES 


COCKPIT CONTROL?E 
23 


sGevenunevecevecceduscececescces 


ALT : O FEET 

SPEED: 58 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 4O4 DEG 
FUEL 588 LBS 

FLAPS: 25 DEGREES 
TRIM: +5 DEGREES 
THRUST: .5 

BANK: O DEGREES 


ATTACK ANGLE: 3 DEGREES 
HORIZON: .7 DEGREES 
HEADING OFF EAST: 0 DEG 
FLIGHT TIME: .65 MIN 


CONTROL TOWER MESSAGE 
BAFAESHAENRERH TERA RORESO CREB ENE S 
RANGE: .55 MILES 

DESCENT RATE: 3 FEET/SEC 
POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 0 DEG. 

WIND SPEED: 0 KNOTS 


SCRNERGOROR EOE EERE 
##®TOUCHDOWN® #8 


TOUCHDOWN MEDIUM 


RUNWAY SPEED: 58 KNOTS 
7624 FEET OF RUNWAY LEFT 

THRUST: 70 

LIFT (4%): 16 

RUNWAY SPEED: 43 KNOTS 
7402 FEET OF RUNWAY LEFT. 

THRUST: 20 

LIFT (4%): 3 

RUNWAY SPEED: ~36 KNOTS 
7216 FEET OF RUNWAY LEFT 

THRUST: 27-1 

LIFT (%): 0 

RUNWAY SPEED: 20 KNOTS 
7114 FEET OF RUNWAY LEFT 

THRUST: 2-1 

LIFT (4%): 0 . 
RUNWAY SPEED: 6 KNOTS 
(082 FEET OF RUNWAY LEFT 

THRUST:7?1 

THRUST: ?1 

FLAPS: 225 

ELEVATOR DEGREES: 70 


rTYTIINIVITititriititiiiiiitiiiy) 
HORIZON: 0 - 

RUNWAY SPEED: 25 KNOTS 

STALL SPEED: 53 KNOTS 

LIFT (4): 0 _ 

6987 FEET OF RUNWAY LEFT 


FLIGHT TIME: 42 SECONDS 
SRPERHRRRERSTER ERE RR AE REE EE REESE 


THRUST: 71 
FLAPS: 225 
ELEVATOR DEGREES: 70 


HORIZON: 0 

RUNWAY SPEED: 42 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (4): 

6804 FEET OF RUNWAY LEFT 


FLIGHT TIME: 45 SECONDS 
SRARSRPERASSERAEE PERERA ROHR EEE OE 


THRUST: 21 


*ENGINE® 

SSHHOTHEE 

FLAPS: 225 

ELEVATOR DEGREES: 70 


HRARKRKAKELAEKARAREEREERHREEERE EE 


HORIZON: 0 

RUNWAY SPEED: 55 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (4): 54 

6548 FEET OF RUNWAY LEFT 
FLIGHT TIME: 48 SECONDS 


: PPTETTITITTITTTTTTtiiiirir eee 


THRUST: 21 


PENCINE® 

eeRHOTHRS 

FLAPS: 225 | 
ELEVATOR DEGREES: 70 


HPESHEREUHARERARKARRESRSARAEE TEES 


HORIZON: 0 

RUNWAY SPEED: 63 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (4): 83 

6240 FEET OF RUNWAY LEFT 


FLIGHT TIME: 51 SECONDS 
REGEHHERERETEREEKHERAR ENTE TEENS 


THRUST: 21 


*ENGINE® 

HHH OTHER 

FLAPS: 225 

ELEVATOR DEGREES: ?8 


— SORHLEHRRETEEREEREERARRERREER EES 


HORIZON: 2.8 

RUNWAY SPEED: 68 KNOTS 
STALL SPEED: 53 KNOTS 
LIFT (4%): 123 

5902 FEET OF RUNWAY LEFT 


FLIGHT TIME: 54 SECONDS 
PITTI e tigi i iit | | 


*S*LIFT OFF##E 


YOU ARE IN THE AIR 
SHOSORHOSR ERAS RE RODSHTeRNOREERES 


ALT.: 4 FEET 


SPEED: 68 KNOTS 

STALL SPEED: 53 KNOTS 
ENGINE TEMP: 4&45 DEG 
FUEL 580 LBS. 

FLAPS: 25 DEGREES 

TRIM: =5 DEGREES 
THRUST: 1 

BANK: O DEGREES 

ATTACK ANGLE: 2.8 DEGREES 
HORIZON: 5 DEGREES 
HEADING OFF EAST: 0 DEG 
LANDING GEAR: DOWN 
FLIGHT TIME: .95 MIN. 


CONTROL TOWER MESSASE 
SHEHHHSSSHSHLHS RES KERSSHHERHEHRE ES 
RANGE: .88 MILES 

CLIMB RATE: 22 FEET/SEC 
POSITION OFF RUNWAY: 180 DEG 
WIND DIRECTION: 0 DEG. 

WIND SPEED: @ KNOTS 


Listing 2, continued 
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EXPERIMENTATION 


Robot Simulation on Microcomputers 


Why build a mechanism when a video display 


can be used to visualize logical problems of robots? 


A short time ago | came across a program 
(Dr Dobb’s Journal, volume 1, number 8, 
page 28) written by Marvin Winzenread, 
entitled “The Bouncing Beastie: A Random 
Walker for Processor Tech’s VDM-1.’’ When 
{ loaded the program, sure enough, this 
little thimble with feet appeared and began 
stumbling around the screen leaving a trail 
of asterisks. That was it. No big deal, you 
say? Marvin says the little character looks 
like a turtle to him, but to me it looked like 
the robot I'd tried to build when I was in 
high school, and 1 was entranced. 

I’m one of those people who has always 
wanted to build a robot, but never quite did 
it for various reasons. 

Part. of the problem is that once you 
figure out approximately Aow to build, say, 
a simple little robot that will wander around 
your fiving room bouncing off furniture, 
then there isn’t really much point in going to 
all the trouble and expense of actually 
building it. You already know what it’s 
going to do, and it wouldn’t really be all 
that useful. 

Another factor is that the hardware 
robots will need already exists and isn’t 
likely to change all that much in the foresee- 
able future. The thing that’s lacking is the 
software. {f we had the proper programs we 
would all have robots today. 


John Webster 


Watching Marvin's surprisingly fascinating 
little creature bounce around the screen, it 
occurred to me that a very interesting, 
entertaining and hopefully useful alternative 
to actually building robots might be to 
simulate them on a microcomputer tefe- 
vision display. Thus, my microbots were 
born. Microbots are simulated robots that 


move about a simulated room (the tele- 


vision screen) under software control. With 
microbots you can spend your time thinking 
up new things for them to do and testing 
robot related software without worrying 
about the hardware. 

“Microbot”’. is a simple 8080 machine 
language ‘microbot driver program that 
provides a starting point for robot related 
program development. 

In its present form (see figure 1 and 
listing 1) the program begins with a micro- 
bot creature starting in the center of an 
empty room. {t then makes a move in one 
of eight random directions for a randomly 
chosen distance (of one to four squares). 
The microbot will sense the perimeter wall 
and reject any random moves that would 
make it walk “into” the wall. It will also 
reject a’move that is in the opposite direc- 
tion of the previous one. This prevents 
“bouncing” and produces a more realistic 


"movement pattern. 
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Figure 1: Flowchart of the 
Microbot program. The 
program is shown with 
notations of hexadecimal 
address and labels shown 
to correlate the flowchart 
with the 8080 assembly 
language code of listing 7. 


pick NEW “7 
( pATH WHEN 

OLD ONE USES 

UP DISTANCE 


Lola 


START:0000 
INITIALIZE SCREEN 
WITH BORDERS 
AND OBSTACLES 


PUT MiCROBOT 
ON SCREEN 


G0:002D 


SAVE OLO DSW 


CHOOSE NEW DSW: | cero > 
SECTOR ———— 4 RANDOM i 
DISTANCE L_ SELECTION 
DIRECTION —_——— 


CHEK:0040 


WAIT: 0057 SWAIT:0067 


DELAY: s1F FF 
(SHORT) 


1 CONTINUE SAME 
{| PATH UNTIL | 


{| DISTANCE 
REPLACE ' ‘used uP 


- MICROBOT | FERES esee Seep were ea | 


WITH TRAIL 
CHARACTER 


MOV1:0073 DECODE AND 
EXECUTE ONE 
OF 8 MOVE 
CALCULATIONS . ore : 


COMPLEMENT SECTOR 
SIT 


NEXT:OOES | [put microBoT 
ON SCREEN 
DISTANCE: # 
DISTANCE-| 


= DISTANCE20 No 
a 


DIRECTION STATUS WORD (HEX) 


SECTOR 
ie) 


SECTOR 
i) 


DIRECTION STATUS eee 
ekg 6 5 4 3 2 t 
A AT 


OIRECTION 
SECTOR BIT CODE 0-3 


Y 
Y = DON'T CARE, ZERO OEFAULT 


A call to a random number generator ° 


(RND) first selects the 180° sector for the 
next move by setting bit 4 of the present 
direction status word (DSW) to either one 
or zero. The subroutine REC stores this 
information at hexadecimal location 14D 
and moves the previous contents of 14D 
(the DSW for the previous move) to 14E 
for tater comparison. 

A second call to the random number 
generator provides one of the four possible 
moves within the chosen sector. This value 
(00, 01, 02, or 03 hexadecimal) is then 
added to the data in 14D to produce the 
final direction status word for the present 
move. 
Figure 2 illustrates the eight possible 
moves and their associated status words. 
Notice that opposite directions are indicated 
by the state of bit 4 of the direction status 
word. This fact is used in the present: pro- 
gram to disallow immediate reverse moves. 
It also makes it simple to reverse direction 
when desired by the programmer. 

There are three status words used in the 
present program. Location 14D contains 
the present direction status word; location 


14E contains the direction status word of 


the previous move; location 14F contains 
a distance status word (DIS) that determines 
the length of the present move. 

The program segment CHEK then 
compares the present and previous direc- 
tion status words to see if they are in 
opposite directions. If they are, a new 
direction status word is sought. 

Next, wait routines are inserted to slow 
the movement to a realistic speed. The speed 
of your microbot can be varied by changing 
the constants at hexadecimal focations 63 


SECTOR 0 


SECTOR | 


Figure 2: In the representation used for direction status words (DSWs) in the 


Microbot program, the possible directions break down into two sectors based 
on the status of bit 4 of the DSW byte. The two low order bits determine the 


direction within each sector according to the diagram. 


and 69. WAIT checks to see if the present 


_move is horizontal or not. A longer wait is 


used for horizontal moves to compensate 
for the fact that there are 64 horizontal and 
only 16 vertical positions on the VDM-1 
display. : 

A “trail” character is then inserted on 
the present square and the direction status 
word is decoded with a resulting jump to 
one of eight move routines. Any noncursor 
character may be inserted at Jocation 72 
as a trail character. After completing the 
proper move, the subroutine BOUNDS is 
called to determine whether or not the 
microbot is trying to move to an obstacle 
Position (ie: any square containing a cursor). 
If it is, bit 4 is complemented and the 
resulting move returns microbot to his pre- 
vious position, effectively cancelling the 
disallowed méve. Each move routine ends 
with a jump to NEXT which writes the 
microbot character into the new position 
square and checks the distance status word. 
Depending on the contents of DIS, either 
the last move is repeated or the program 
jumps back to GO to initiate a new random 
move. 


‘Future Expansion 


As the purpose of this article is to present 
a basic concept and program for others to 
expand, let’s look at some possible areas of 
development: 


1. Search. Efficiency: As many robot 
systems. will incorporate search or 
random search routines, the VDM dis- 
play allows an excellent theatre for 
study of the efficiency of various 
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0000 
0003 
0004 
0006 


0008 


000B 
OOOE 
0011 
0014 
0017 
OOIA 
001D 
OOLE 
OO1F 
0022 
0025 


0028. 


0028 


002D ~ 


0030 


0032. 


0035 
0037 


OO3A-. 


003D 
0040 
0043 
0044 
0047 
0049 


004A. 
004d. 


OO4E 
00st 
0052 
0054 
0057 
OOSA 
00sc 
OOSE 


0061- 


0064 
0067 


OO6A ~ 
0068 
O06C - 


006E 
0071 
0073 
0076 
0078 
0078 
007D 
0080 
0082 
0085 


0087. 


008A 
* 008C 
008F 
009! 
0094 
0096 
0099 
009B 
O09E 


34 
AF 
D3 
16 
24 
0} 
cD 
01 
cD 
01 
cD 


“AS 


BA 
c2 
ot 

cD 


2 


36 
cD 
E6 
CA 
SE 


2 CD 
cD 
32 


co 


“ &T 


3A 
E6 
80 
32 
47 
3A 


“AS 
FE 


CA 


3A. 


£6 
FE 
CA 
01 
C3 
01 
0B 
78 


FE 


C2 
36 
3A 
FE 


CA: 


FE 
CA 


FE™ 


CA 
FE 
CA 
FE 
CA 


FE 


CA 
FE 
cA 
FE 
CA 
it 


00 


6A 
20 
4D 
00 
9E 
ol 
A8 
02 
AF 
43 
B9 
10 
C3 
11 
cD 


412 


D4 
03 
DE 
C2 


Oo} 


cc 
AQ 
01 
20 
01 
AO 
01 


00 
AO 
oO! 


‘CE 
ON 
00 


ot 
01 


01 


01 


O1 


‘O01 


O1 


00 


or 


00 
SF 


00 
iF 


00 
01 
00 


00 


00 


00 


00 


00 
00 


00 
EF 


START 


SCRN 


GO. 


RC 
DIS 


. DIR 


CHEK 


WAIT 


LWAIT 


' SWALT 


DEC 


~ MOVI 


UR 


CPI 


LXI 
XRA 
OUT 
MVI 
LXi 
LXI 
CALL 


LXI 


CALL 
LXI 

CALL 
DCRD 


“(CMPD 


JNZ 
LX1 
CALL 
LXI 
Mv! 
CALL 


ANI 


3Z 
MVI 
CALL 
CALL 
STA 
CALL 
MOV 
LDA 
ANI 
ADD 
STA 
MOV 
LDA 
XRA 


§Z 

LDA 
ANI 
CPt 
52 

Lx! 
SMP 
Lx! 


' DCXB 
» MOV 


CPi 
JNZ 
MVI 
LDA 
CPi 
§3Z 
CPI 
JZ 
CPi 
JZ 
cel 
JZ 
CPi 
5Z 
ce! 
IZ 
CPi 
5Z 
CPi 
JZ 
Lx! 


SP.0157H 
A 

Oc8H ... 
D.OEH 
H,.OCCOO0H 
B.0A042H 
LOAD 
B.0203CH 
LOAD 
B.0A040H 
LOAD 


SCRN 
B.0A03EH 
LOAD 
H.OCE20H 
M.07H 
RND 
02H 

RC 
A.010H 
REC 
RND 
014FH 
RND 
B.A 
014DH 
O10H 
BR 
014DH 
B.A 
OL4EH 
B 


» O10H 


DIR 
014DH © 
OFH 

OH 
SWAIT 
B.SFFFH 
DEC 
B.1FFFH 


A.B 


00 
DEC 
M,020H 
014DH 
0 

UR 
01H 
RT 
02H 
DR 
O13H 
DN 
010H 
DL 
O11H 
LFT 
012H 
UL 
03H 
uP 
D.OOFFC2H 


OOAI 
OQ0A2 
OOAS 


.OOA8 


OOA9 


. QOAC 
OOAF 


00B2 
00B3 
00B6 
00B9 
0OBC 
00BD 
00C0 
00C3 
00C6 
00C7 
OOCA 
00cD 
OOCE 
00DI 

v0p4 
00D7 

O0D8 
OODB 
OODE 
OOES 

OOE2 
OOES 
OO0E7 
QOEA 
OOEB 
OOEE 
0OFO 


OOF3. 


OOF6 
OOF? 
OOF9 
OOFA 
OOFB 
OOFC 
OOFF 
0101 


0102" 


0105 
0108 
0109 
OL0A 
0108 
010C 
010D 
0110 
Orit 
O114 
0115 
0116 
o117 
0118 
0119 
OQLIA 
0118 
OLlE 
0120 


O121- 


0122 
0123 


“19 


cb 


~ C3 


23 
cD 
cy 
uw 
9 
cD 
C3 
i 
9 
cD 
C3 
ui 
19 
co 
C3 
2B 
cD 
C3 
tl 
19 


‘cD 


C3 
Vt 
19 
cD 
36 
3A 
3D 
32 
FE 
CA 
3 
7E 
E6 
C8 
33 
33 
3A 
OE 
Ag 
32 
C3 
70 
23 


oD 


B9 
cs 
C3 
ES 
21 
4E 
77 
23 
TA 
—1 
c9y 
ES 
21 
06 
TE 
07 
07 
07 


F6 


ES 


F6 
ES 
42 
F6 
ES 
40 
F6 
ES 
3E 


F6 


ES 


F6 
E5 
BE 
F6 
ES 
co 


Fo. 


07 


4F 


4¥ 


FE" 


2D 


$7 


~8o 


4D 
10 


4D 


3 


08 


4D 


44 


08 


00 
00 


00 


/ 00 


00 


00 
00 
00 


00 
00 
00 


00 


00 


00 


00 
FF 
00 
00 
FF 
00 


01 


ol 


00 


00 


ol 


01 


00 - 


Ot 


ot 


01 


RT 


DR 
“DN 
DL 


LET 


UL 


uP 


NEXT 


“BOUNDS © 


LOAD 


REC 


RND 


RTOP 


DAD .D 
CALL BOUNDS 
JMP NEXT 
INX..H 
CALL BOUNDS 
JMP NEXT 
LX! D,042H 
DAD D 
CALL BOUNDS 
JMP | NEXT 
LX! D,040H 
DAD D 
CALL: BOUNDS 
JMP NEXT 
LX! D.,03EH 
DAD D | 

. CALL BOUNDS 
JMP > NEXT 
DCX H 

' CALL ‘BOUNDS 
JMP > NEXT 
LX!) D.OFFBEH 

-. DAD D 
CALL BOUNDS 
JMP = NEXT 
LX{ 0,OFFCOH 
DAD D 
CALL. BOUNDS 
MVI  M.07H 
LDA 014FH 
DCR =A 
STA O14FH 
CPI OFFH . 
‘JZ GO : 
JMP WAIT 

MOV > A\M 

ANE ..080H 
RZ 
INX. 6 
INX 6 
LDA. 014DH 
MVI C,G10H 
XRA OC 
STA 014DH 
JMP. MOV 1 
MOV -M.B 

—UNX OH 
DCRC 
cmMPC 
RZ 
JMP' LOAD 
PUSH H 
LX! H,014DH 
MOV >C\M 
‘MOV = M.A 
INX > H 
MOV M.C 

POP H 
RET 
PUSH H 
LXt .H,SH+3 
MVI B,O8H 
MOV A.M- 
RLC 
RLC 
RLC 


Listing 1: The Microbot program, assembled for an 8080 system which has the Processor Technology VDM-1 board located at 


hexadecimal locations CCO0 to CFFF in memory address space (1024 bytes). 
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Listing 1, continued 0000000000 00000 
000000000 01TtHII 
0124 AE XRA M 012345678901234 
0125 17 RAL 
o126 17 RAL a ae 
0127 2D DCRL 0134679 ACDF O2 3 
0128 2D DCRL OAR C4C4C5SD5SD5C 
0129 2D DCRL 
012A 7E MOV A.M 
een = = mee oe 
012B, «47 RAL SEEESBEESEEEEEEREE 
012cC 077 MOV M.A SSSi=5= 
012D 2 ENRL = == 
Os2E. TE MOV A.M SEs 
O1r2E.. 47 RAL == = 
0130 077 MOV M.A == = 
0131 2c INRL == = 
0132. 7E MOV A.M s= = 
0133 17 RAL = 
0134 77 MOV M.A =E= 
0135. 2€ INRL a 
0136 °° 7E MOV. A.M EE: 
0137 17 RAL === 
0138 77: MOV M.A ==5 
0139 0s DCRB = = 
013A C2 21 01 JNZ_ RTOP = 
013D E6 03 ANI 03H = 
O13F EI ~ “pop = 
0140 C9 RET = 
0141 SH DS = 
0145 AR DS = 
END oe 


approaches. A measure of the average 
time it takes a microbot to fill all 
screen squares with his trail would 
provide indication of the efficiency 


of his move pattern. Various changes 


could be made to microbot’s move 
routines and the results analyzed. 

If Microbot’s ‘room’ of 16 x 64 
squares proves too smalfl for your 
needs, rooms of any size may be 
constructed and stored away in 1K 
memory sectors. A check to sense that 
the creature was moving off the side of 
the screen could be used to call up 
another sector, move it to the screen 
and allow microbot to enter on the 
opposite side. Also, the same algo- 
rithm could be easily extended to 


- displays with a higher resolution. 


. Learning: Some of the most complex 


and interesting programming work to 
be done is in the field of artificial 
intelligence and robot ‘“‘learning.”’ 
Microbot’s use of direction status 
words should provide a capability for 
storing, retaining and modifying (eg: 
retracing steps) move paths that might 


be kept for future reference if useful, | 


Figure 3: The PAPERBYTES® 
bar code representation of the ob- 
ject code for the Microbot 8080 
program by John Webster. The 
standard bar code frame format 
is used, with its synchronization 
byte (hexadecimal 96) followed 
by checksum byte, line identifi- 
cation byte, line length byte and 
data field. The data field of each 
frame uses the “absolute” format 


consisting of a 2 byte address 


followed by data to be stored at 
that address. The assembly of 
listing 1 was also typeset by 
machine from the same data 
file and contains the source code 
as well as the object code found 
in this bar code representation. 
The documentation of bar 
code loader programs suitable 
for loading this program with the 
data in this figure is found in the 
book Bar Code Loader by Ken 
Budnick, available for $2 at local 
computer stores and by mail from 
BITS Inc, POB 428, 25 route 101 


_ West, Peterborough NH 03458. 


CUE UTE CU 


MTU TU 


UCU LU it} 


To read this data will require a 
homebrew or commercially man- 
ufactured bar code scanning wand, 
using procedures outlined in Ken 
Budnick’s book. 


or discarded by the program if in- 
appropriate or less efficient. Refer to 
texts on artificial intelligence for much 
more detailed discussions of what it 
means for a program to “learn.” 
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3. Sensing the Environment: Simulation 


of optical, audio or tactile sensors 
would be very easy with microbots. 
Remote squares could be examined by 
microbots’ “eyes,” for example, 
according to any rules or limitations 
(such as distance and direction) the 
programmer wishes to impose. Experi- 
ment with ‘obstacles of different 


shapes. Color or texture. differen- 


tiation may be simulated by using 


other obstacle characters. in addition « 


to cursors, eliciting different responses 


-from your creature. A starting point 


might be to have your microbot 
periodically scan one wall, searching 
for an “object” partially obscured by 
obstacles. 

Other interesting possibilities would 
arise with two microbots in the same 
room leaving different trails and 
searching for each other. If you decide 
to explore this area, you might want 
to give toes to your microbots, so one 
microbot can tell which way the 
other’s trail leads. Leaving a trail of 
three sequential numbers instead of 
asterisks might be one way. 


. Work: If you had a little robot running 


around your house, what would you 
like it to do? Vacuum the floor? Pick 
up small objects and put them away? 


How about a robot that checks your 

potted plants and waters them if they 

need it? Or why not all these things 

at once? The possibilities are really 

limitless. Microbots will allow you to 

develop and test fogical procedures 
. for solving all of these problems. 

5. Feeding Time: Don’t forget that you 
are simulating a real working robot 
and that certain internal housekeeping 
routines should be built in. 

Since any self-respecting real world 
_-robot will run on rechargeable bat- 
teries, a timer or move counter should 
- be one of the first things built into- 
your program to simulate “low bat- 
teries” and to initiate a search and 
docking routine for recharge at one or 
more “power stations’ in the ‘‘room.” 
Of course, you also have to remember 
to empty the vacuum’ cleaner .or 
whatever. 


Conclusion 


Sound interesting? Why not run Microbot 
and see what ideas occur to you? What 
robots really need right now is for fots of 
computer hobbyists to start thinking and 
working on their software. Oh yes, in case 
{ forgot to mention it in my enthusiasm, 
it’s also a lot of fun.# 


Linear Circuit Analysis 


Circuit analysis programs are valuable 
tools that can tell you how a circuit will 
work before you build it — “paper bread- 
boards” in effect that don’t require any 
component purchases, expensive equipment 
or debugging time spent on the bench. Anal- 
ysis programs fall into two general cate- 
gories: frequency domain and time domain. 
Presented ‘here are the fundamentals of a 
frequency domain /inear analysis program. 
In practice, linear analysis means that no 
active devices are operated at saturation or 
cutoff. Frequency domain tells us what cir- 
cuits do at different frequencies, a type of 
analysis well-suited to model amplifiers, fil- 
ters and operational amplifier circuits oper- 
ating over any desired frequency range. You 
can make voltage and impedance readings at 
any point in the circuit without experiencing 
the loading problems that can occur with 
conventional equipment. 

Because of the variations in small com- 
puter systems, primarily in memory, no spe- 
cific language is given. All of the necessary 
flowcharts are presented along with neces- 
sary mathematical operations. You will need 


Leonard Anderson 
Branch Plus Minus — 
~ Type Node ‘ Node Calculation of Admittance 
Resistor ee “Y= (1/R) + jO- 
Capacitor o——_) |e ¥ =0+j(2nFC) 
Inductor —— nr —— ¥ =0 —j[1/(27FL)) 
Series RL —w oO ¥ = RAR2 + X2) — j[X/(R2 + X2)] 
X =2nFL ; 
Series RC o—w-—_) | Y = RMR2 + X2) + j[XAR2 + X2)] 
X = 1/(2nFC) 
Series LC rr} Y =0+j[X/1 —27FLX)} 
X = 2nFC 
Parallel RL f  } Y =(1/R) —j{12nF LU) 
Parallel RC fy +> Y =(1/R) + jl2nFC) 
Parallel LC ++ Y¥ =0+){(2nFC) — (1/20 LD) 
Current generator o——_C))——_-e Vv =1+j0 
_—_— 
Current generator o—()>-—_—_ Y = Icosine(@) + j{tsine(a)] 
with @ — . 


R = entered resistance in 
ohms. . 

L = entered inductance in 

: henries. 

C = entered capacitance in 

. farads. 

{ =entered current in 

; amperes. 

¥F =solution frequency in 
hertz. : 


Table 7: Admittance calculations for simple branches. On both of the gener- | 
ators the direction of electron flow is shown by the arrow. 
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the four basic floating point functions plus 
array handling (single dimension arrays are 
acceptable, but two-dimensional arrays are 
preferred) and at least arctangent and loga- 
rithmic functions. 

Matrix operations are done but you don’t 
need BASIC MAT functions; the matrix is 
fully explained later. Using charts and ex- 
planations, you can write the program in any 
form from assembler to BASIC and higher 
Janguages. Assembler will work faster ‘since 
this is a “number crunching” program. The 


Complex Number Arithmetic 


The rules for rectangular form arithmetic are shown in the table 


below. Note that division and inversion have equal value denominators 
for both real and imaginary parts. Finding the denominator first in the 
division routine will increase computational speed. Note also that in- 
verting (C + jD) is equal to dividing (A + jB) by (C +jD) and setting A 
at unity and B at zero. 


Actual test equipment such as oscilloscopes present magnitude 


and phase angle. This is the polar form, and conversion is as follows: 


Given rectangular form A + iB. 
magnitude = MAGN = JA2 + B2 and 
phase angle = PHA = arctangent (B/A). 


Conversion from polar to rectangular form is: 


Given polar form MAGN at angle PHA, 
real part = MAGN x cosine (PHA) and 
imaginary part = MAGN x sine (PHA). 


Trigonometric functions in the language will determine whether angles 
are in radians or degrees. Most are in radians. The conversion factor 
trom radians to degrees is: 


_ Degrees = 57.2957795] x radians. 


Given Complex Numbers of (A + jB) and (C + jD) 


Addition: 

(A +jB) + (C +jD) = (A +) +j(B + D) 
Subtraction: 

(A + jB) — (C + jD) = (A —C) + j(B — D) 
Multiplication: 

{A +jB) X (C + jD) = (AC — BD) +j(AD + BC) 


Division: 


(A+j8) _fac+ep]., fao~—sc 
(C+jo) ~ {c2+02}7! Lce2 + 2 


Inversion: 
pes ey ee a ee eee ev 
(C+ jD) [ C? + D? ] [ C?+D? ] 


Summary of complex arithmetic used for analysis. 


main constraints are memory and the ability 
‘to hold many arrays in main memory. 


Modeling the Circuit 


Each component of a circuit with two 
connections is called a branch. Connection 
points are called modes. Several branches can 
be connected to the same node. Signal 
sources are also branches; these have specific 
requirements in node descriptions and are 
covered later. 

Table 1 shows the basic branch types 
with only two nodes. The complex number 


admittance value is also given; the program 
is required to calculate the admittance as 
part of analysis. 


Review of Complex Numbers 


{f you are unfamiliar with complex num- 
ber notation or admittance, some review is 
necessary before beginning any programming. 
Complex numbers exist in either rectangular 
of polar form; rectangular form is used here. : 
This requires two floating point numbers for 
every complex number. The lefthand num- 
ber is called the rea component and the 
righthand number, separated by the j, is 
called the fmaginary component..Don’t let 
the imaginary term fool you — it is very real. 
The naming comes from mathematical nota- 
tion. [Note that electronics applications use 
j instead of the mathematical symbol i to 
avoid contusion with the suites for current 

«. BWL] 

- Admittance is the reverse of impedance. 
You may be more familiar with impedance 
and the notation: 


Z= R+ixX_ 


with ‘X being reactance, either positive or 
negative. Admittance is: 


Y=G+jB 


with G being conductance and B suscep- 
tance, either positive or negative. The rela- 
tionship Y = 1/Z is true but there are special 
rules governing complex .number mathe- 
matics. These rules are summarized in the 
text box on complex number arithmetic. 

The circuit to be analyzed is converted 
into a model for the computer by copying 
each component as a branch. Each branch 
has two node numbers corresponding to con- 
nections in the circuit. All nodes above 
ground must have sequential numbering, be- 
ginning with 1, but the node numbers may 
be in arbitrary positions. A ground node is 
signified by 0. 

A complete set of branch descriptions 


comprises a circuit list. The circuit list we 
use requires three integer values and two 
floating point values to completely define a 
node. The three integer values are for the 
connections to other nodes and for indicat- 
ing what number node we are presently at. 
The two floating point values define the 
complex admittance of the branch. To be 
useful, the minimum number of branches 
available should be at feast 20. 

You will notice that signal sources are 
currents and not voltages. This and use of 
admittances are deliberate in the solution 
of a node voltage. Consideration of node 
voltage solutions is important for our 
analysis. 


Fundamental Circuit Matrix 


A simple resistor network is shown in fig- 
ure 1. This circuit can be analyzed quickly 
using ‘pencil and paper, but will serve to 
show the mechanism of solutions. Keeping 
this circuit in mind, inspect the general 
matrix and simultaneous equations given in 
figure 2. 

The mathematical matrix form and the 
simultaneous equations -form are identical. 
Mechanizing the solution will require parts 
of both forms. Admittance subscripts will 
depend on node numbers (in the branch list) 
and follow certain rules depending on type. 
Those rules are given in table 2. 

The simple example, expressed in the gen- 
eral equations of figure 2 is: 


Yu E,+V 2 Fah (1) 

You E,+ Yo 2 E,=I, (2) 
The conductance of 50 ohms is 0.02 mho, 
25 ohms is 0.04 mho. [The mho is a unit of 
conductance, the inverse of the ohm. The 
mho is also called the siemens... CM] Us- 
ing only the real parts of admittance and fol- 


lowing the rules of table 2 yields the nu- 
meric forms: 


0.06£, -0.04E,=1.0 (1A) 
-0.04E,+0.08E,=0 (2A) 


Solving for E, can be done by multiplying 
equation (1Ay by 2/3 and adding the pro- 
duct to equation (2A) to give: 
0.05333 E, = 0.66667 
ie 


Substitution of E2 into equation (1A) 
gives: * 


NODE 1 NODE 2 
25V 252 12.5V 
(_) 
{ e 262 


NODE O (GROUND) 


Figure 1: Simple resistive network with a 
current generator. The direction of the elec- 


_tron flow from the generator is indicated by 


an -arrow.-Note that nodes are numbered 
sequentially. 


Matrix Representation 
¥42 13 Y.4ao-:- YN Ey 
Y22 Y23 Y24 --- Yan | | E2 
¥32 Y33 Y34 +--+ Y3.n E3 
Ya2 Ya3 Yaa o--- Yan) Eq 


Yn,2 -YN3 Yn 4 evs YNN Ey 


Simultaneous Equations 
+ Y42E2 + Y13€3 + Yralq + .. YuNen 
+ Y22E2 + Yo363 + Yo44 +-. YonEn = 
+ Y3,2E2 + Y3,3E3 + Y3,4F4 +... Y3.NEN = 
+ Y42E2 + Ya3&3 + Ya4Eq +... Ya.nEn 


+ Ynu.2E2 + Yn3&3 + Yn,aE4 + -- Yu.NEN = 


Figure 2: Matrix and simultaneous representations of any circuit. In the fig- 
ure, and also in the text, the following conventions hold: 

Y := circuit branch admittance 

E := circuit node voltage 

! := circuit node current 
The circuit branch admittance is determined by the node description. 


Matrix Array Subscripts 
‘ Enter into 
Branch Type --.. Row’... Column. Array by 


Plus node Plus node Addition 
Plus node Minus node ’ Subtraction 
Minus node Minus node Addition 
Minus node Plus node Subtraction 


Passive 


Plus node -. NMAX 44 Addition 
Minus node - NMAX +1 Subtraction 


“Generator 


Table 2: Matrix insertion subscript rules for branches. Any row and cofumn 
node combination that contains a zero will not enter the matrix. NMAX is 
the maximum node number in the circuit. Remember that the nodes must be 
numbered sequentially. Paige Bh ges 
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0.06 E, —0.50=1.0 
1 = 1.50/0.06 
E, = 25 


The preceding straightforward mathe- 
matics becomes impractical for models with 
many nodes. Note that the subscript rules of 
table 2 are different than the example just 
given. A slightly different matrix arrange- 
ment is actually used. 


Fundamental Properties of Matrices 


Mechanization of the solutions ‘requires a 
matrix in two dimensions having N rows and 
N+1 columns, N being the highest node 
number in the model. The first subscript is 
the row, and the second is the column posi- 
tion. The rightmost column is used only for 
signal sources. 

Figure 3 shows the example represented 
by an array of two rows (maximum node 
number is 2) by three columns. Variable 
name‘ M has been used for any matrix posi- 
tion. At the beginning of a solution all Ms 
are set to 0..The branch list is then in- 

_ pected, values calculated and added or sub- 
tracted into the matrix array positions ac- 
cording to the rules of table 2. - 3 

_The variable N is used to ‘denote a numer- 
ator value. D denotes a denominator value of 
a multiplying factor. A circle indicates that 
the array variable is multiplied by the 

_ factor; an arrowhead indicates that the pro- 


Para 


ce FORWARD jos | 

SOLUTION 
66667 
be BACK |e | 


SOLUTION 


T=] wae 

ah | SOLUTION 
NUMERIC 

[fate] 


Figure 3: Graphical representation of a matrix solution to the simple example 
given in the text. Solutions are found at both of the nodes. The denominator 
of the solution is always found in the main diagonal, and the numerator of 
the solution is found in the generator column. 


oO 


: 


duct is subtracted from the array position. 
Only - arrowhead marked’ positions -are 
changed; all others are extracted and held in 
temporary storage. 7 

Numeric values in figure 3 are the same as 
our simple example. The forward operation 
has these steps: 


Multiplication factor -(R24)- —0.66667. 
: 1,1 
New M, 9 =M, 9 —(MULT.FACT X M, ,) 
= 0.05333 


NewM, ,=M, ,—(MULT.FACT X M, ,) 
= 0.66667 


Note that the steps are equivalent:to finding 
Eby conventional mathematical opera- 
tions. The back operating steps are the same 
as those for finding E; and are: 


? M, 2 | 
Multiplication factor = —J= —0,75 
M 
. 2,2 
New M, 37 Mi 3 _ (MULT.FACT X M, 3) 
= 1.50 


Final node voltage solutions are indicated by 


numbered subscript Ns and Ds, where the 


subscript stands for the node of solution. 

We have used a slightly different number 
handling scheme and have arrived at the 
same solution. This technique can be ex- 
panded to larger arrays in order to provide 
an algorithm that solves all node voltages. It 
should be noted that solutions provide node 
voltages with reference to circuit ground; 
modeling techniques allow finding the volt 
ages between nodes. : 

A consideration for programming is array 

size. The array consumes 2X NMAX -.X 
(NMAX +-1) floating point variables with 
NMAX referring to the maximum number of 
nodes allowed in any circuit. The actual 
physical size of the array is twice as large 
since both real and imaginary parts of the 
complex number must be stored. The ex- 
ample showed only real parts. 


Final Matrix Solution Algorithm 


A flowchart for the MATRIX solution 
algorithm: is shown in figure 4. The routine 
assumes that all admittance values of a cir-: 
cuit have been calculated using the formulae 
in table 1 and have been entered into an ini- 
tially O matrix at. positions according to the 
rules of table 2. Figure 5 is a pictorial of a 
4 node solution sequence using the same 
symbology as figure 3. The pictorial assumes 


that the optional tests in figure 4 are not 
performed. This will give voltage solutions 
to all nodes. 

IBM’s venerable ECAP program yields all 
node voltages at each frequency. While use- 
ful, it can be difficult to interpret. A better 
way is to command the program for a spe- 
cific node of solution (NS in the flowchart). 
The matrix must be solved at each frequency, 
so including the optional tests will reduce 
the number of back solutions to a minimum. 
A solution printout can then be made of all 
node voltage data at one node for the de- 
sired frequencies. 

Calculation speed is increased by invert- 
ing the denominator in the outer loop. Divi- 
sion is invariably one of the most time-con- 
suming functions; the inverted denominator 
allows multiplication instead of time-con- 
suming division. 

Another timesaving technique, not 
shown, is to include a O test of numerator 
M(K,J) in the optional section. A 0 numer- 
ator will have no effect on inner loop vari- 
ables, so a bypass could occur on Os. (Re- 
member to check both the real and imagi- 
nary parts of 0.) Many circuits will have 


only about one half array positions nonzero, _ 


so this test will help running time. 

A similar test can be made by bypassing 
the inner loop if M(J,l) is equal to 0. This 
helps reduce running time on large node cir- 
cuit models; at 20 nodes or less, the help is 
arbitrary. All such tests take time, so it is 
worthwhile to perform these tests outside 
the inner loop since the inner loop iterates 
the most. : 

It is interesting to note where the node 
voltage solution numerators and denomi- 
nators are located. Numerators are always in 
the righthand or generator column. De- 
nominators are always in the main diagonal 
from upper left to lower right. Row position 
is equal to node of solution. Highest node 
numerators and denominators are always 
found; back solution is required only for 
nodes less than the highest node. The back 
solution algorithm is called the Gaussian 
elimination or Gauss-Jordan method of 
solution. 


Complete Frequency Solution 


The flowchart shown in figure 6 is the 
ANALYSIS routine. This routine assumes 
that the admittance of each branch, Y, is 
already calculated. Before the matrix branch 
values can be calculated, the entire matrix 
is set to 0. Zeroing the matrix will allow 
simple addition and subtraction in the 
matrix fill section. 

Variable W is.the frequency in radians 
‘per second. Variable W1 is the negative in- 


verse of W. These simplify admittance calcu- 
lations. An often used constant is 27 which 
should be stored as a single variable. Variable 


F is the solution frequency. 


Variable Y is the calculated complex ad- 
mittance for passive branches but is the 
stored value of current for generators. Vari- 


,able M is the two-dimensional complex 


matrix array used in figure 3, and variable S 
is the solution matrix, which is capable of 
storing complex values. Variable L is the 


subscript value for array S. 


MATRIX 


D=1/M(J,J) 
Ki 


: YES 
NUM=M(NS,NMAX+I) 
: DENOM=M(NS,NS) 
RETURN 


OPTIONAL 


INNER 
LOOP 


eet mee are teen cei came come ee sm wwe care cee ae ae ome ond 


aaa See reeereg me m | 


Figure 4: The MATRIX routine solves the 
matrix as in the example in figure 3. As little 


calculation as possible should be done within 


the inner loop. The optional section allows 
calculations to take place only until the 
node being solved for is reached. This will 
decrease computation time, since the entire 
matrix does not have to be solved. 
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|| K=4 


Figure 5: Sequential solution for all nodes of a 4 node circuit. This solution is the type that would take place if the optional sec- 


tion of figure 4 were deleted. . 


Most of the flowchart involves an exami- 
nation of each branch, calculation of the ad- 
mittance, and addition or subtraction of that 
value into the matrix. Positioning tests seem 
to be rather complex, but they do follow the 
rules of table 2. The flowchart and table 2 
can be expanded to fit a special branch type. 

Current flow of a generator branch is de- 
termined by node number entry order. This 
will be illustrated further under modeling 
techniques. A generator with one node set to 
zero will enter the matrix at only one posi- 
tion. If both nodes are nonzero the gener- 
ator will enter the matrix at two positions. 

Passive branches can have arbitrary node 


Branch Value Storage 


: : v1 V2 

Type © (First Floating Point Variable) (Second Floating Point Variable) © 
Parallel RL 

Parallel RC 

Parallel LC 

Series RL 

Series RC 

Series CL 


Admittance Value Calculation 


YR 
(Real Part) 


Yi: 
(Imaginary Part) 


’ Type 


Parallel RL 1/V1 
‘Parallel RC 1/V1 
Parallel LC 0 
SeriesRL . M1 
Series RC V1 
“Series CL 0 


Wwi/v2 
Wxv2 

WX V2 + (W1/V1) 
WX V2 
W1/V2 

WX V2 + (W1/V1) 


Table 3: Calculations showing how a multicomponent branch admittance cal- 
culation Is performed. The three series calculations (RL, RC, CL) are actually 
impedance calculations since they.are so much easier to perform. To obtain 
the admittance, perform the complex inversion Y = 1/(R+jX). 
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ordering. The test flow allows for this. ‘One 
node specified as 0 will cause calculated ad- 
mittance to add at only one matrix position. 
if both nodes are nonzero, calculated admit- 
tance will add at two positions and subtract 
at two other positions. 

To check the node test flow, go back to 
the example of figure 1 and the matrix val- 
ues shown in figure 4. Remember that ad- 
mittance, matrix and solution arrays of 
figures 4 and 6 require handling two floating 
point values per complex number. There is 
no way around this fact. oo 


Branch Types and Passive Calculations 


Small systems need simple rules, so it is 
probably easier to identify branch types in 
storage by integer numbers. One is suffi- 
cient. The number of different types should 
be considered in terms of calculation code 
and analysis needs. 

Multicomponent branch - types - are 
strongly recommended since they reduce 
the number of nodes required in a model. 
Multicomponent branches are given in table 
3 in terms of ohms, farads and henries stored 
in the branch list. List array storage posi- 
tions should be considered in regard to the 
calculations. 

Radian frequency, W, and its inverse neg- 


_ative, W1, are from the single frequency 


analysis routine. All of the parallel combina- 
tions are calculated as impedances first and 
then inverted. Series combinations should 
require less coding if calculated as imped- 
ances first; this can be seen by comparing 
table 3 with the complex values given in 
table 1. 

Direct admittance calculations may be 


ANALYSI 
: P2=Pl NO 
N2=NI 
SET MATRIX 
TO ZERO 


Fxreoxr 
l 


CALCULATE Z 
INVERT FOR Y 


CALCULATE Y 


We 
wl=-(1/7W) 
K= 


Pl=PLUS NODE 
Nt=MINUS NODE 


YES 
GET TYPE 
M(NI,N2) 
PASSIVE 
TYPE 
NO 
P2=NMAX+I 
Y=GENERATOR 
ADMITTANCE 
SUBTRACT Y 
FROM M(PI,N2) 
<< YES 
DD Y TO 
M(PI,P2) - 
SUBTRACT Y 
FROM M{NI,P2) 
YES 
. SOLUTION — ; 
S(L)= Figure 6: The ANALYSIS routine, which 
oy reas _ performs the setup for the MATRIX solu- 


tion routine. -ANALYSIS — checks . what . 

type of branch is under analysis and calcu- 

RETURN: )~ lates the admittance according to the for- 

£8. he. a mula of table 7. This value is then inserted 

ou into ‘the matrix according to the rules of 

sos = table 2. When all the nodes have been 

checked, MATRIX is called to perform the 
solution. : 
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Figure 7: The SWEEP rou- 
tine, used to perform a 
number of analyses on.a 
particular circuit over a 
frequency -range. Two 
types of sweeps are possi- 
ble: linear and logarithmic. 
The variable DELTA: is 
used as an increment and 
also. as an indicator of 
which type of sweep analy- 
sis is to be performed. If 
DELTA | is -negative, a 
logarithmic analysis will be 
performed; if DELTA is 


positive, a linear analysis - 


ANALYSIS 


CALCULATE 
_ | ANSWER 


STORE OR 
PRINT 
SOLUTION 


will occur. 
ee Liesl my ine i 
slightly faster for series combinations. The Passive Branch Values at DC © 
choice is determined by the amount of mem- 
‘ory, possibly by external memory control. Direct current (DC) analysis can be con- 
All analysis matrices should be in main sidered as analysis at O Hz. Resistances re- 
memory when ANALYSIS is called. main the same but capacitors have 0 suscep- 
; Mitre tance. Their susceptance (imaginary part) is 
effectively bypassed. Single inductors should 
PLUS PLUS have their susceptance value replaced by a 
NODE NODE : 

low resistance, say a hundredth of an ‘ohm 
; (100 mhos susceptance), to avoid calculating 
-{ oe [t=gm xe] difficulties. In actuality, : inductors have 

finite resistance at DC. 
withing ‘ainue Series combinations can be bypassed for 
NODE NODE certain types. A series resistor-capacitor 
oe Seecwenie (RC) or inductor-capacitor (LC) branch will 
BRANCH CURRENT have 0 admittance. In a series RL branch 
SOURCE calculation, the susceptance calculation can 


Matrix Array Subscripts 
Enter into 


Row Column Array by . 


Addition 
Subtraction 
Addition 
Subtraction 


Dependent branch minus node 
Dependent branch plus node 
Dependent branch plus node 
Dependent branch minus node 


Plus node 
Plus node 
Minus node 
Minus node 


Table 4: Relationship of a dependent current source to it’s branch. The 
source is entered into the matrix by the stated rules. Remember that any 
row and column combination with a zero node will not enter the matrix. 
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be omitted and only the conductance calcu- 
lation performed. Parallel combinations are 
also modified. A parallel RC branch requires 
only .the conductance calculation. Parallel 
RL or LC branches would have the nominal 
100 mhos conductance specified above. In 
all branches at 0 Hz the susceptance would 
be 0. 


Frequency Sweeping 


For this analysis, minimum and maxi- 
mum analysis frequencies must be specified 


plus an increment. Most solutions over a nar- 
row range will have a small increment but it 
is often useful to have a logarithmic fre- 


quency sweep with wide bandwidths. .The . 


main program should have a command 
point to which all major routines return. 
Frequency range can be selected at this 
command point with a minimum (MINF), 
a maximum (MAXF) and an increment 
(DELTA). 7 
A choice between finear and logarithmic 
sweep can be done by simply checking for a 
negative or positive DELTA. A positive 
DELTA is the incremental change for a 
linear sweep, and a negative DELTA can be 
the frequency interval multiplier. The multi- 


plier can be precalculated for the number of 


frequencies per decade: 


DELTA = — (EXP(2.302585/NFD)) 
which reduces to 
DELTA = —10(1/NFD) 


where NFD is the number of frequencies 
per decade and EXP is a function to raise e 
(the base for the natural logarithms which is 
approximately 2.71828) to the power of the 
following argument. For example, twenty 
frequencies per decade would have a DELTA 
equal to —1.122018. 

Figure 7 is the flowchart for a frequency 
sweep analysis routine. The option of storing 
results or printing them directly depends on 
the operating system and memory. Subscript 
L is used only for solution matrix purposes. 

There is a caution to be observed with so- 
lution storage: the number of frequencies 
to be analyzed must not exceed the storage 
matrix size. Other storage matrices may be 
written over if no check on the total number 
of frequencies analyzed is made. This is a 
very easy error to make. 


Branch Switching 


Implementing this function is useful for 
circuit modeling. In effect it allows you to 
disconnect or reconnect a branch from anal- 
ysis and yet retain it in the branch list. It is 
the same as removing or replacing a compo- 
nent in a breadboard. If removed, it is still 
on the bench and can be installed fater. 

There are two easy ways to implement 
switching. Since we are using a numeric 
value to designate the branch type, we can 
define a positive value as a connected branch 
and a negative value as an open branch. An- 
other method is to devote one byte per 
branch with a numeric value of +1 if con- 
nected and O or —1 if open. Another test 
can be inserted in the ANALYSIS routine of 
figure 6, just before the passive type? test. 
An open condition would bypass any calcu- 


lations and go on to the next branch. 
Dependent Current Sources 


“This branch type, not mentioned before, 
enables a model to duplicate transistors or 
operational amplifiers. It is a current source 
dependent on the voltage across another 
branch and is specified by a gain factor 
called transconductance. The symbology 
and matrix entry rules are given in table 4. 

Transconductance is specified in mhos 
and is equal to the current divided by the 
voltage. Branch value entry is the transcon- 
ductance, and admittance calcutation for so- 
lution takes this as the stored value for the 
real part with an imaginary part of 0. You 
can think of transconductance as a current 
gain factor. A transconductance of 0.1 with 
a dependent branch voltage of 24 V pro- 
duces a dependent source current of 2.4 A. 
A transconductance of 1.0 gives 24 A. 

You do not have to be concerned about 
the dependent branch voltage. The matrix 
entry and solution will determine the cur- 
rent from the specified transconductance. 


The direction of electron flow is another . 


factor and is determined by node number 
entry order of both the source and depend- 
ent branch. Reversing plus and minus node 
numbers of the source will reverse the 
source’s flow; reversing node numbers of the 
dependent branch has the same effect; and 
reversing both source and dependent nodes 
returns electron flow to the original direc- 
tion in the source. 

One node of either source or dependent 
branch may be 0. Inspection of matrix 
entry subscript rules will show this. The 
only problem left is to allow the program 
to identify the dependent branch for 
subscripting. 


Dependent Branch Identification 


All passive components and generators 
may be entered into the branch list in any 
order. The ANALYSIS routine of figure 6 
scans the entire list in order to fill the 
matrix for solution. A dependent source 
should be allowed to enter the list either 
ahead of or behind its dependent branch. 

Two options come to mind. The extra 
integer byte mentioned under branch 
switching can be used to identify the de- 
pendent branch number in the list. Since 
transconductance is specified as the real part 
only, the second value storage might be used 
to hold the dependent branch number. Make 
sure that the particular floating point storage 


method that you are using will not change - 


the value of the integer slightly. If there is 
any doubt about whether your floating 
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point to integer conversions are totally accu- 
rate, use the extra integer per branch for 
both switching and dependent branch iden- 
tity. A dependent source can be switched 
by signing the extra integer. This method 
will be assumed for all further discussion. 
. Entering branch data in the list requires 


an extra entry for dependent sources to. 


identify the dependent branch. The ability 
to print out a branch list should also include 
printing the dependent branch number. -.. 
Modification of the ANALYSIS routine 
to handle dependent current sources is 


shown in figure 8. This modification also . 


SET 
MATRIX 
TO 0 
MAIN 7 
| IMPEDANCE t 
— [PATCH POINT 
WEF KA xm 0 fe eee 
wis-(I/W) 
‘K=4 


K>NMAX = \_NO 


Pl=PLUS NODE 
Nt=MINUS NODE 
GET TYPE 
; INDICATOR 
“| GET SWITCH 


NO passive 
TYPE 
; : P 
' Tyes 


NO 


7 P2= 
NMAX#+ 


CALCULATE 
Y 


YES 


includes the switch function with the extra 
integer SW acting as the switch and identifier 
of dependent branch list number. - 


Impedance Analysis 


_ All analysis procedures have so far given 
only voltage solutions. The last analysis we 
will consider is readily determined by disre- 
garding all generators, placing a value of 
unity in the proper generator column posi- 
tion and then solving the matrix as before. 

This may seem: too simple. To under- 
stand it, consider once again the circuit of 


- figure 1 and the position of solution numer- 


ators and denominators. Denominators al- 
ways lie in the main diagonal and numer- 
ators always lie in the generator column. Im- 


Figure 8: Optional patch that can be in- 
serted into the ANALYSIS routine to per- 
form switching and dependent current 
source analysis. Switching allows a branch 
to be taken out of the circuit and reinstated 
at a later time. The dependent current 
source analysis simplifies the calculations at 
O Hz. The routine can be patched into 
ANALYSIS at the indicated points. 


| CURRENT 
goounce TYPE 4 


YES’ 


OEPENDENT 
BRANCH : 


NUMBER= © 
SWITCH 


P2=DOEPENDENT 
BRANCH MINUS 
NODE 


N2=DEPENDENT 
BRANCH PLUS 
NODE 


pedance analysis will have only one gener- 
ator column entry since al! other generator 
branches automatically bypass any entry in- 
to the matrix. 

A unity current is simply (1.0 + j0), 
1 A with no phase shift. This is the condi- 


tion of figure 1 if an impedance is desired at - 


node 1. The resistance of the total figure 1 
circuit looking into node 1 is simply 25 
ohms. In the model all generators are pure 
current sources; that is, they have no ad- 
mittance themselves and can therefore be 
disregarded. 


Addition of impedance analysis is shown - 


in figure 9, a modification of figure 8. A 
flag variable must be held in the main pro- 
gram to identify analysis type. It is con- 
sidered to be on for impedance and off for 
voltage analysis. It can be logical, integer 
or a single bit, but must be available if both 
types are desired. 

Implementing impedance analysis re- 
quires a solution at only one node. It is best 
to use the optional tests in the flowchart of 
figure 4 and have all solutions at only one 
node. Direct printouts of impedance will be 
in rectangular form but the polar form can 
also be printed at the same time by using 
temporary variables and form conversion. 

Both forms are useful in studying analysis.a 
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IMPEDANCE 
SET 


YES 


M(NS,NMAX+4I)= 
{+j0 


K>NMAX 
TEST 


W-Fx2xm 
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GET TYPE 
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GET SWITCH 
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Figure 9: A patch that can be made to figure 8 to further increase the cal- 
culating power of the program. This patch will allow the solution of the 
matrix with impedance entries. It can be added to figure 8 at the instructions 


indicated. 
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Electronic Circuit Simulation 


This article is an introduction to applica- 
tions which .allow the design and study of 
electronic circuits with computer software 
instead of electronic hardware. Utilizing a 
computer to perform tedious mathematical 
calculations which represent circuit param- 
eters is known as computer aided design 
(CAD). Computer aided design offers the 
following advantages to circuit designers: 


@ Components in an electronic circuit 
may be changed without fear of 
~ destroying any other circuitcomponent. 

@ Results of component changes on 
circuit parameters may be quickly 
evaluated without breadboarding. 

@ Many complex phenomena may be 
simultaneously observed. . 

® Component evaluations may be ac- 
complished before purchase. 

@ The behaviour of nonexistent com- 
ponents may be studied and their 
projected characteristics analyzed. 


Methodology 


_Computer aided design may be discussed 
at three levels: 


@ General circuit simulations. 
@ Specific circuit simulations. 
@ Routine mathematical programs. 


The first step towards utilizing a computer 
to design and analyze electronic circuits is 
the development of component representa- 


Robert Arp 


tions which are palatable to the computer 
while being accurate enough to produce 
usable information for the designer. 

Sophisticated packaged programs allow 
the user to describe the arrangement of com- 
porents directly from the circuit, using spe- 
cial languages. These programs generate the 
necessary. mathematical equations which 
must be solved to perform the desired 
analysis, then produce the specified data in 
a convenient format. In this article, we are 
primarily concerned with simulations that 
may be accomplished on personal computer 
systems with modest amounts of memory, 
along with hand held programmable calcula- 
tors. The discussion will be restricted to 
topological representations that are com- 
patible with languages readily available to 
personal computer owners and to languages 
supplied with programmable calculators. 

e will transform circuit topology into 
sets of simultaneous equations. The set of 
equations describing a particular circuit may 
be manipulated to simulate changes in cir- 
cuit parameters. Each change in a circuit 
parameter produces a slightly different set 
of equations which must be analyzed sep- 
arately. This is where the speed of the 
computer is most noticeable. The program 
may also be prepared so that only the new 
data need be entered each time another 
solution is desired. 

Passive circuit components will fit nat- 
urally into our sets of equations. Active 
circuit devices must be represented by 
models which are composed of passive com- 
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Figure 1: One segment of 
a piecewise linear approxi- 
mation of a typical semi- 
conductor diode current 
versus voltage — character- 
istic curve. The approxi- 
“mation is shown with a 
single dashed segment. 
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ponents. The circuit models presented here 
are identical to those usually prepared for 
the more sophisticated packaged programs. 
We will use the simplest model that provides 
the necessary accuracy. Because we wish to 
discuss general algorithms -and analysis 
techniques rather than specific programs, 
we will use simplified circuit examples. 


In order to utilize a computer efficiently, - 
designers should be familiar with the follow- . 


ing subjects: 


@ Methods of solving sets of simul- 
taneous equations. 

@ Matrix algebra. 

@ Basic circuit theory. 

-@ Device modeling. 

@ Parameter measuring methods. 


Modeling Active Devices 


Our algorithms will not accept circuit 
elements which are active, nonlinear, or 
time variant components. We will represent 
these elements with equivalent circuits 
which approximate the component being 
analyzed over a small region of interest. That 
is, we will simulate active, nonlinear, or time 
variant components with passive, linear, time 
invariant models. The particular model 
chosen for a circuit analysis is limited in ac- 
curacy primarily by the amount of work we 
wish to invest and available computer 
memory. 

When constructing our models, we will 
focus our attention on those device param- 
eters which will affect other circuit param- 
eters and on those which will themselves 
be affected during the analysis. For example, 
the behaviour of a transistor depends not 
only on other circuit parameters and tem- 
perature. Its basic characteristics vary with 
its own behaviour in a particular circuit. 


CURRENT mA 


VOLTAGE V 


pa 


Our models will reflect the fact that the 
variations in these characteristics are small 
over particular regions of interest. ; 

When we analyze the operation of a. 
transistor, our attention is drawn to one or 
more of its normal regions of operation 
(cutoff, active, and saturation). Our model 
of a transistor must reflect the transistor’s 
‘characteristics over these broad regions ‘in 
which distinctive device parameters may be 
defined. In addition, our attention must be 
focused more finely so that it pinpoints the 
specific areas of interest in the cutoff, active, 
and saturation regions. : 

The size of our specific area of interest 
must be selected logically. When the device 
is to operate in all three regions,.many small 
areas must be observed sequentially. Memo- 
ry allocation and running time will both 
depend on the resolution of the model. 
Each model must be constructed with a 
resolution that is compatible with available 
memory, desired running time, and desired 
accuracy. 


Piecewise Linearization 


Piecewise linearization, as applied to the 
modeling of active semiconductor devices, 
is a method of approximating the nonlinear 
characteristic curves of these devices with 
sets of confluent straight line segments, asin 
figure 1. The accuracy of the model de- 
pends on the number of. straight line seg- 
ments used for the characteristic curve ap- 
proximation. Mode! complexity increases 
rapidly as the number of straight line seg- 
ments increase. Models which have the mini- 
mum resolution necessary are advantageous. 
Figure 1 shows a possible piecewise linear 
approximation (in the form of a dashed line) 
for the current versus voltage characteristic 


curve of a semiconductor diode. 


Models of active devices can be composéd 
of passive elements by using the piecewise 
linear approximations to’ the characteristic 
curves. The circuit to be analyzed is then 
redrawn with the models in place of the 
active devices. If the models are accurate 
enough, the operation of the new circuit 
will mimic that of the original. - 

The piecewise linear approximation for 
the silicon diode’s: characteristics shown in 
figure 1 is very crude. Therefore, in order to 
present the following discussion with the 
emphasis on segment construction, we will 
use a two-segment approximation. 


Segment Construction 


The characteristic curves of a device 
which must be available for model construc: 
tion may be obtained from data sheets pub- 
lished by the manufacturer of the device, 


or they may be prepared by the designer. 
The curves may also be plotted from 
measured data. However it is obtained, the 
characteristic curve for a silicon diode biased 
in the forward direction will be similar to 
that shown in figure 2. (Ignore the dotted 
lines for the moment.) 

For each voltage value (V) between 0 V 
and 0.95 V which is applied directly across 
the diode, a current (I) will flow through 
the diode. The current which flows when the 
applied voltage is less than 0.6-V is very 
smail. The current begins to increase signif- 
icantly with increases in applied voltage 
only when the voltage is greater than 0.6 V. 
We call this point, 0.6V, the threshold 
voltage (Vy). Synonyms for threshold 
voltage are offset, cutin, and break point 
voltage. The threshold voltage on diode 


characteristic curves is chosen arbitrarily. . 


However, most designers agree that it should 
be considered to be between 0.5 V and 
0.7 V for silicon diodes. 

We could construct a simple two-segment 
piecewise linear approximation for the diode 
characteristic curve by placing a ruler over 
the curve and drawing one straight line from 
the origin through a point of the curve near 
the selected threshold value. A second 
straight line could then be drawn by placing 
the ruler, as closely as possible, parallel! to 
the portion of the curve which is almost 
perpendicular to the voltage axis. The second 
segment would intersect the first segment at 
a point just to the right of the Anee of the 
curve. The voltage coordinate at this point 
of intersection would be the threshold 
voltage of the piecewise linear approximation. 

A more accurate and systematic tech- 
nique for constructing the approximation to 
characteristic curves involves a fitting of the 
best line to a table of data consisting of 
voltage and current values obtained from 
the data sheet or experimental measure- 
ments. A program written to solve the 
equations in table 1 will provide the slope 
of each segment and the current which will 
flow through the diode model for a partic- 
ular value of forward bias voltage applied 
to the diode. : 

Solutions to these equations provide a 
set of points through which linear segments 
that more closely fit the nonlinear curve 
may be drawn. In addition, the slope of each 
segment, which must be used in the sche- 
matic representation of the model, will be 
obtained. An algorithm level flowchart for 
the solution to these equations is shown in 
figure 3. The equations allow us to fit the 
best line to the data, instead of simply 
‘drawing the line by eye. This is especially 
important when the characteristic curves are 
prepared from experimental data. 

The straight line segments that we will 
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Figure 2: The forward current-versus-voltage characteristic of a silicon diode. 
Dotted lines represent the piecewise linear characteristic curve. VT,req is the 
actual threshold voltage of the diode.The threshold voltage moves to Vr,model 


for the piecewise linear approximation. 


use to represent a characteristic curve will © 


intersect at certain coordinate points. These 
points of intersection are called break- 
points. The origin of a segment, when it 
does not begin :at an intersection, is also 
a breakpoint. Likewise, the end of a segment, 
when it does not end at an intersection, is 
a breakpoint. In general, each straight line 
segment follows a portion of the character- 
istic curve rather closely, beginning at one 
breakpoint and ending at another. We may 
compute the proper current values at each 
of the breakpoints using the algorithm 
shown in figure 3. 


LEVI SVEI/n 
Slope =m *Sy2— (zV)2/n 


_ xl — m=V 


t=mV +b 


value of | when V is 0.0 V 

forward bias current 

slope of a particular segment ; 
number of data points for a particular 
segment 

= forward bias voltage 


= 


Table 1: Formula for fit- 
ting a line to a table of 
data. This method is known 
as finding the best line. 
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Having the means to construct accurate 
straight line approximations, we now turn 
our attention: to the piecewise linear .ap- 
proximation of the silicon diode character- 


istic curve and a circuit model for the 


diode. 
A Silicon Diode Model 
The silicon diode model we construct 


must exhibit 
characteristics: 


@ No current flows through the diode 


model when it is reverse biased. 

@ When the diode is forward biased, 
but the applied voltage is less than 
the threshold voltage, the amount of 
current flowing through the diode will 
increase very slightly as the applied 
voltage is increased. 

®@ When the diode is forward biased, and 

the applied voltage is greater than the 
threshold voltage, the amount of cur- 
rent flowing through the diode: will 
increase rapidly as the applied voltage 
is increased. 

The data we will use to construct the 
characteristic curve approximation is that 
which was used to draw the curve itself. This 
data could be obtained by connecting a volt- 
meter across the leads of the diode and an 
ammeter in series with it while the applied 
voltage across the diode is increased from 
OV to 0.95V. The tabulated data would 
appear as shown in table 2. : 

Our first segment, A, will be draw 
from the coordinate point (0.0, 0.0) to the 
coordinate point (0.6, 0.001). Only the 
calculation which determines the slope of 
the segment is necessary because there are 
no intermediate points, and the character- 
istic curve is essentially linear between these 
two points. The remaining data pairs, in- 
cluding the breakpoint at (0.6, 0.001) are 
used to calculate the slope of segment B 
and two points through which the segment 
may be drawn. The results of the segment 
calculations are shown in table 3. The piece- 
wise linear approximation is illustrated by 
the dotted lines in figure 2. 


It should be obvious from both the | 


piecewise linear approximation and table 3 
that the behavior of the model will not 
precisely match that of the real diode. For 


of 0.95 V_ will cause a diode current of 
80mA to flow through the model. This 
voltage caused a current of 100mA to 
flow through the real diode. Furthermore, 
the threshold voltage of the model, located 
at the intersection of segments A and B, 
is approximately 0.64 V — slightly higher 
than the threshold voltage of the real diode. 


the following desirable 


“may be represented 


BRANCH 

4) 

BRANCH b- 
Rp 


Dg Rg 


BRANCH a 


c} 


BRANCH b 


R v 
b Ae 


‘Each segment.of the piecewise: linear 
approximation to the characteristic curve 
schematically by a 
branch containing a resistor in series with an 
ideal diode and a battery whose voltage is 


equal to the breakpoint voltage at the begin- 


ning of the segment. The resistance in each 
branch depends on the slope of the segment 
which the branch represents and the slope 
of the previous branch. When the forward 
bias voltage across a branch exceeds the 
voltage of the battery in that branch, the 
ideal diode will be forward biased and the 


_branch will behave as though the diode is 


not present. When a reverse bias voltage is 
applied across a branch, the /dea/ diode will 
act as an open circuit and no current will 
flow through the branch. 

The branches with which we ‘represent 
our diode model are shown in figure 4, 
along with the schematic representation for 


the real diode. Because segment A of the - 
‘graph begins at OV, V, in figure 4b is also 
‘OV. Therefore, we may eliminate the bat- 
tery in branch @. The simplified model, with 


this element eliminated, is shown in  fig- 


ure 4c, 


[sorert [lope np | voltage 1 


example, table 3 shows that a forward bias ~ 


Figure 4: Two segment 
model for the silicon diode. 
Figure 4a is the schematic 
representation of the real 
diode. Figure 4b shows 
the model branches with 
ideal diodes. Figure 4c is 
the simplified model... - 


Table 2: Tabulated data 
for fitting the best straight 
line approximation to the 
silicon diode data shown 
in figure 2, Note that 0.6 
is the threshold  volt- 
age (V7). 


Table 3: Data resulting from the segment calculations showing slope and the 
starting and ending points on the graph. CC stands for the coefficient of cor- 
relation which indicates how good the fit is. A perfect fit will yield a coef- 
ficient of correlation of one. 
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Sete oe Meee 
1. slope B 


=slope B — slope A 


ig 0.2667 — 0.0017 


R, = 3.77 ohms 


- Table 4: Calculation of the 
resistance in branch b in 
figure 4. 


Figure 5: Diode model 
with element values shown. 
Diode D, is forward biased 
whenever the input volt- 
age (Vy) is greater than 
zero. Diode D, does not 
becorie forward biased 
until the input voltage is 
greater than 0.64 V. 


Figure 6: Meter connec: 
*- jons for measuring tran- 
cistor parameters: Figure 
6a is for an NPN tran- 
sistor, and 6b shows the 
connections for a PNP 
‘transistor. ; 
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The resistance of R, is equal to the re- 
ciprocal of the slope of segment A, or: 

4 
a 0.0017 


R = 588 ohms 


The slope of segment B is greater than the 
slope of segment A. To approximate seg- 


..ments A and B together, a resistor must be 


added to branch ‘6 such that the parallel 


’ combination of it and resistor R, will equal 


the reciprocal of the slope of segment B 
whenever the voltage applied across the 
model is greater than V,. The value of Ry 
is calculated in table 4. Note that R, is 
equal to the reciprocal of the slope of seg- 


‘ment A minus the slope of segment. B. 


The current that will flow through the 
diode model for any applied voltage may be 


@) 


b) 


calculated by analyzing the circuit shown in 
figure 5. Ideal diode D, is forward biased and 


acts as a'short circuit whenever the input 


voltage (Vix) is greater than O V. For input 
voltages less than V,, ideal diode D,, acts 
as an open circuit and the circuit equation 
becomes: 


< 


N 
a 


However, for input voltages greater than 


- Vi, ideal diode D, is forward-biased and the 


Circuit acts as though diodes D, and D, are 
short circuits. For this case, a single node. 
equation may be written for the circuit of 
figure 5: ts 


1=t,+ {5 
For example, if Vy is set to 0.8 V: 


i= oe = 1.36 mA 


a” 588 
~ 20.80.64 _ 
1, = 377 7 42.4mA 


1 = 1.36 +42.4= 43,7 mA» 


A designer may use the piecewise linear 


approximation to the characteristic ‘curve or 


sample calculations as illustrated above to 


determine the suitability of the model. If a 
more accurate model is necessary, another 
segment may be added to the piecewise 
linear approximation to .obtain greater 
resolution. a 4 

The techniques used to obtain a model 
for the silicon diode are also applicable to 
transistor modeling. The transistor model is 
more complicated, and requires much more 
data. We proceed now to an example using a 
2N5192 transistor wired in a common 
emitter configuration. The data to be used 
was obtained experimentally. 


An NPN Transistor Model 


The data which must be available to - 


construct a transistor model depends upon 
the configuration in which the transistor is 
used. The following information must be 
included in a complete model of a transistor 
used in acommon emitter configuration: 


hig: = commonemitter input impedance. 
' fgg: = common emitter output 
admittance. 
B: = the DC forward current gain. 
sat? = collector-to-emitter saturation 
resistance. 
Vy: = base-to-emitter threshold voltage. 


Figure 6a shows a measuring circuit 
which may be used to obtain the necessary 
common emitter data for an NPN transistor. 
Figure 6b shows a similar circuit which may 
be used with PNP transistors. When using 
the measurement circuits of figure 6, a 
FETVOM or similar high: input impedance 
multimeter must be used to measure the 
voltage between the base and emitter 
(Vg_). In addition, the transistor should be 
mounted to a large heatsink to prevent 
erratic meter readings due to changes in 
device temperature. 

The equations in table 5 apply to the 
measuring circuits and the characteristic 
curves which are plotted using the data 
obtained with them. The equations describe 
which measurement circuit parameters must 
be held constant in each equation while 
those in the denominator are varied to 
obtain the data expressed by the numerator. 

The variables hy,, 8, and R,., are obtained 
from the collector current versus collector- 
to-emitter voltage drop characteristics for 
the transistor after they are plotted with the 
data obtained with the measurement circuit. 
The variables hj, and Vz are obtained from 
the base current versus the base-to-emitter 
voltage drop curves. , 

Figure 7 shows the common emitter 
input characteristics for the transistor we 


kept constant with dimensions (AV) 


kept constant with dimensions (ohms) 


kept constant without dimensions 


kept constant with dimensions (ohms) 


threshold voltage 


Table 5: These equations apply to the measuring circuits shown in figure 6. 
They calculate the common emitter output admittance (hoe), the common 
emitter input impedance (hie), the Dc forward current gain (), the collector- 
to-emitter saturation resistance (R,,,), and the base-to-emitter threshold 


voltage (V7). 


VCE =10V 


VCE 25V—, @—Vee 2 145V 


Vege (VOLTS) 


Figure 7: Graph of the nonlinear common emitter input characteristics for 


. @2N5192 transistor. 


will model. In figure 7, base current (Ip) 
versus base-to-emitter voltage drop (Vpr) is 
plotted for three values of collector-to- 
emitter voltage drop (Vcg). This figure 
illustrates the very small shift in the input 
characteristics when the collector-to-emitter 
voltage is varied. Furthermore, the diver- 
gence of the curves is very slight. For these 
reasons, and also ease of calculation, the 
collector-to-emitter voltage drop curve of 
10 V will be chosen as representative of the 
family of input curves. 
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Graphing Coordinates 
Ver (volts) I, {amps} Siope Vee (volts) tp (amps} 


0.000 0.001246 . 0.00" ~0 
~ 0.63 0.0008 


0.0005 
0.042713 0.0008 
0.0047 . 


| 0.086346 0.72 0.0047 
0.835 0.0144 

0.152862 0.835 0.0144 

: 1.00 0.0395 


Table 6: Data used to compute the slope of each piecewise linear segment of 
figure 7 and the current at the segment data breakpoints. 


The data used in obtaining the piecewise 
linear approximation of the input character- 
istic curves is listed in table 6 along with the 
associated approximation segments. Also 
shown in table 6 are the computed values for 
the base current at’ each data breakpoint 
(not the segment breakpoints) and the slope 
of each segment. , 

’. The data breakpoint graphing coordinates 
listed in table 6 are plotted in figure 8. They 
are connected by the four straight line seg- 
ments A, B, C and D. Other coordinate 
points could have. been used to plot the 
segments. The data breakpoints were arbi- 
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Figure 8: Accurate piecewise linear approximation to the input characteristics 
shown in figure 7. 
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trarily chosen. 

In figure 8 it can be seen that segment A 
intersects the origin at Vee equal to 0 V and 
segment B at Vpe equal to 0.616 V. Seg- 
ment B, in addition to the segment A inter- 
section, intersects segment C at Ver equal to 
0.722 V. Segment C,-in addition to the 
segment B intersection, intersects segment D 
at Vp equal to 0.839 V. Segment D discon- 
tinues at Vp¢ equal to 1.0 V. We will use the 
first four base-to-emitter voltage drop values 


-as the breakpoints of the base-emitter 


representation in the transistor model. 

As in the case of the silicon diode, each 
segment of the piecewise linear approxima- 
tion to the input characteristic curve may be 
represented as a resistor in series with an 
ideal diode and a battery whose voltage is 
equal to the breakpoint voltage at the 
beginning of the segment. Often the first 
segment of a piecewise linear approximation 
need not be included in the model because 
its effect on a circuit is minimal. Assuming 
this condition, the base-emitter junction 
would be considered off until the base-to- 
emitter voltage drop is greater than the first 
breakpoint voltage past the origin. _ 

If we omit segment A of the piecewise 
linear approximation, segment B should 
begin at its point of intersection with the 
Vpe axis, where Vpr equals 0.595 V and Ip 
equals 0A. However, we may arbitrarily . 
choose to let the threshold voltage for the 
model remain at 0.616 V. We may wish to 


do this in order to improve the accuracy of 


the model. The schematic representation of 


_ segment B is shown in figure 9. The branch 


resistance, R,, is equal to the reciprocal of 
the slope of segment B. The voltage of the 


BASE 
+ 


EMITTER 


Figure 9: Schematic representation for seg- 
ment B of the common emitter input char- 
acteristics piecewise linear approximation 
for the 2N5792 transistor. The resistance of 
resistor Ry equals the inverse of the slope 
of segment B. Values of the slope of B are 
listed in table 6. 


Figure 11: Complete base- 
emitter model for the 
2N5192 wired in a com- 
mon emitter configuration. 


Figure 10:. Partial model of the common . 
emitter input characteristics for the 2N57/92 < D, off,D, off (branches b and ¢ are off) 


transistor. 
D, on, dD, off (branch b on, branch c off) ° 


D, on, D, on (branch 6 on, branch ¢ on) 


battery, V+, is equal to the threshold voltage 
of the model. As in the diode model, when 
the base-to-emitter voltage is greater than Table 7: These inequalities specify the condition of the branches in the partial 
the threshold voltage, the branch will behave model of figure 10. 
as though the ideal diode is a short circuit. 
We complete the model for the transistor 
input characteristics by expanding the circuit 
of figure 9 with representations for the other 
segments as shown in figure 10. The slope of 
segment C is greater than the slope of seg- Vv, < Vee D, on, D, off, Dd, off (branch 6 on, branches ¢ and d off) 
ment B (input impedance, h,,, decreases 
when the base-to-emitter voltage drop is ; 
greater than V.). When the segment C branch Vv D, on,D, on, 0, 0n (all branches on) 
is added to the segment B branch, the re- 
sistor in the segment C branch must have a ; 
value of resistance which combines with the Table 8: These inequalities specify the condition of the branches when the 
resistance of R, to yield a total parallel re- base to emitter voltage is applied to the model in figure 117. 
sistance that is equal to the reciprocal of the 
slope of segment C whenever the base-to- 
emitter voltage drop is greater than V5. The 


D ; off, D, oft, D, off (all branches off) 


D, on, D, on, D3 off (branches 6 and c on, branch d off) 


value of R, is: The circuit shown in figure 10 illustrates 
_ the addition of branch c to branch b. The in- 
1 1 equalities in table 7 specify the condition of 
4 1 = slopeC the branches in the partial model of figure 10. 
R, * Re Segment D is added to the circuit of fig- 
ure 10 in the same manner that segment C 
a + + = slope C was added to segment B. The value of Rg is: 
Cc 
ae : 1 4 
- = slope C — Fr . 1 1 7 slope D 
e RR, as 
; b Me My 
‘ slope C eras = + Pl rr y slope D 
Rb i Rp Re Ry 
1 ce ie edie 
Re ” 0.086346 - 0.042735 Ry Se Rg is 
1 
= R 
7 R, = Se ne: . d PS slope D ~ FB 
A more accurate way to calculate R, would 
have been to use the slope of segment B Ry ey ak Ae eR a 
instead of the reciprocal of the resistance 0.152862 - 0.042735 - 0.043668 
Ry. = Ry = 75,05 ohms 
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“Table 9: Common emitter. aoe 
output . data for - the 
2N5792 transistor. The ope fete t 


base current {Ip) and 


- ; 0.0457 = 
collector current (Ic) are ‘6 | 0.0458 = 
given in amperes, This data : 0.0459 = 
was -obtained with the ae 
measurement circuit of ‘9 | 0.04595 = 

. 7 0.046 
figure 6a. 
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The complete base-emitter model for the 

e 2N5192 transistor wired in a common- 
|| . tgs 0248 emitter configuration is shown in figure 11. 
The inequalities which specify the condition 

of the branches when the base-to-emitter 


131 152.3608 a fg: 027A voltage is applied to the model are pen ed 
; in table 8. 
12 c With the base-emitter juriction of the 
, prO18A transistor modeled, we move on to the collec- 
a B tor-emitter junction of the transistor. The 
Cc , ; : 
measured data which will be used in con- 
a4 ORS structing the piecewise linear common 
co emitter output characteristics .is listed in 
SHI/s table 9, which .is a tabulation of collector 
g ; 8 Ips 0A current versus collector-to-emitter voltage 
2 Bt Cc drop for several base current values. 
| 4 : . Figure 12 is the family of nonlinear curves 
2 F a obtained by plotting the data of table 9. Each 
. ¢ Ips 009A plot of collector current (1c) versus collector- 
si/® a to-emitter voltage drop (Vcf) for a constant 
A ° base current (Ip) has two linear sections 
| separated by a curved section (knee). These 
tp1006A parts of each plot are labeled A, B, and C, 
AA To a good approximation, all of the A sec- 
os -tions blend together to form the saturation 
3/8 characteristic curve, and the B sections may 
aA be ignored. 
2 ; fgs.003A The C section of each plot i in figure 12 is 
BC best drawn by plotting all points indicated 
44a by the data in table 9 and drawing a smooth 
se : fg OO1A curve through the locus for each curve. After 
A : these sketches are made, the long straight C 
2 2 ee ae = oe sections may be drawn more accurately by 
VCE observing the intersection of the B and C 
sections for each plot and deciding at which 
; geo hie Pi : area of. the locus the B section seems ‘to 
Figure 12: Nonlinear common emitter output characteristic curves for the level out to become the C section. 


2N5192 transistor. The curves are plotted from the data of table 9. _ With the algorithm of figure 3, the col- 
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lector current intercept (value of Ic when 
Vce equals 0) and coordinate for a col- 
lector-to-emitter voltage of 15 V may be 
computed for each C section. Straight lines, 
which intersect the saturation curve, may 
then be drawn through these two points 
for each curve to form the piecewise linear 
approximation to the output characteristics. 
Table 10 lists the slope, collector current 
intercept, and the value of the collector cur- 
rent for collector-to-emitter voltages of 15 V 
for each C section. 


All the A sections of figure 12 may be © 
blended into a single linear segment by ob- 


taining a set of data points with the tran- 
sistor operating in the saturation region. We 
guarantee that the transistor is saturated by 
forcing the base current to be: 


Alternately, we can allow the base current 
to increase until the collector junction is for- 
ward biased by at least the threshold voltage. 

For the transistor we are modeling, a base 
current of 360 mA caused a collector current 


of 3.2 A to flow with a collector-to-emitter 


saturation voltage of 1.0 V. Since a collector 
current of 3.2 A is beyond the range of our 
graph, the following data pairs are used in 
the algorithm of figure 3: 


Veg =0.0V Ig =0.0A 


Vop=10V  1¢=3.2A 


The slope of the linear saturation segment 
is calculated to be 3.2 A. A collector-to- 
emitter voltage drop of 0.45 V causes a collec- 
tor current of 1.44 A. This voltage was 
chosen arbitrarily as a point which would 
yield a collector current ‘coordinate within 
the range of the graph. 

The sets of voltage’ and current coordi- 
nates listed in table 10 and the coordinates 
for the saturation segment combine to yield 
the piecewise linear approximation drawn in 
figure 13. In this figure the B sections of the 
curves in figure 12 have been omitted. The A 
sections have been blended with the satura- 
tion curve for a base current value of 360 
mA. (For clarity, the sections of the graph 
have not been labeled.) Using this graph of 
the piecewise linear approximation, we may 
calculate the output admittance (h,,), the 
current gain (8), and the saturation resistance 
equivalence for particular regions of interest. 

A precise model of the collector-emitter 
junction for the transistor would be much 
more complicated than that for the base- 
emitter junction. Therefore, models for 
particular regions of transistor operation in 


Ig 
amperes 


0.000233 
0.001547 
0.006448 
0.010380 
0.014096 
0.018197 
0.019288 
0.020451 
0.021757 


Table 10: The slope of each C section and sets of coordinates which are used 
to plot the piecewise linear approximation shown in figure 13. The collector 
current (Ic .) is measured in amperes; the collector-to-emitter voltage is 
measured in volts, 


gs 021A 


igs 018A 


Ige OA 


Ips O12A 


Ig*:009A 


Ipz 006A 


Oo 2 {4 6 8 o0 2 {4 6 
; 365 Vee (VOLTS) 137 


Figure 13: Piecewise linear approximation to the family of common emitter 
_ output characteristics for the 2N5192 transistor. The load lines are discussed 
in the text. 
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COLLECTOR 
) 


EMITTER, 


Figure 14; Simplified rep- 
resentation of the col- 
lector-emitter junction of 
a transistor wired in the 
common emitter configura- 
_-tion and operating in the 
‘active region. B is the cur- 
rent gain of the transistor. 


Figure 16: DC amplifier 
that will be analyzed as an 
example. A value of Ro 
~-gmust be found which per- 
mits a current of 315 mA 
to flow through Ry. 
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Figure 15: Coeableks active region model of the 2NS 192 transistor. 8 and 1 Uo must be 


determined as described in the text. 


the common emitter configuration will be 
discussed. 

Figure 14 shows a simplified representa- 
tion of the coflector-emitter junction of our 
transistor when it is wired in the common 
emitter configuration and operating in the 
active region. The collector-emitter junction 


’ is represented by the common emitter out- 


put admittance (h,,) in parallel with a de- 
pendent current source whose output 
depends on the base current (Ip) and the DC 
forward current gain (8). The values for gain 


‘and admittance must be obtained from the - 


piecewise linear approximation of figure 13 
for the particular region of interest. 

A complete, simplified active region 
model for the transistor is shown in figure 
15. This model is composed of the base- 
emitter model of figure 11 and the collector- 
emitter model of figure 14. In order to illus- 
trate the manner in which the model of 
figure 15 may be used to study transistor 
action in a practical circuit, a DC analysis 
of the circuit shown in figure 16 will be 
performed. 


2n5192 


DC Analysis 


We will present a simple analysis of the 


circuit of figure’16 so that we may examine 


the preparation necessary to obtain equa- 
tions that: may ‘be entered into a computer 
program. which - allows: circuit simulation. 
Although the circuit is trivial, the techniques 
used to formulate the mathematical repre- 
sentation of the circuit are not. 

Our imagined problem (example 1) is to 
compute a value of resistance for R5, by 
component substitution, which will allow 
a maximum current of 315 mA to flow 
through R,. We stipulate that the current 
through R, should never be less than 90 mA 
and that R, will be destroyed if a current 
greater than 425 mA is allowed to flow 
through it. Of course, our simulation will 
not destroy anything. However, ‘it will not 
be useful unless it allows us to determine 
the necessary value of R» with enough 
accuracy to prevent any mishaps when we 
actually construct the circuit. 

We begin by obtaining values for inverse 
admittance (1/h,,.) and gain (8). Because we 
will experience difficulty in plotting .a load 
line for the 15 V supply, let us compute the 
values of inverse admittance and gain for a 


5 V. supply to illustrate the technique. A 


load. line corresponding to. the voltage- 
versus-current characteristics of the battery 
load resistor combination must be super- 
imposed on the piecewise finear collector 
characteristics ‘of figure 13. The slope of 
the load line represents the voltage and 


_.current characteristic of resistance R, . The 
- equation for the load line is: 


Voe = Veo ~Rrle 


When the collector current equals 0, the 
voltage drop from the collector to the emitter 


equals the supply voltage or 5 V. When the 
voltage drop from the collector to emitter is 
zero, the collector current equals the source 
voltage divided by R,, or 0.787 A. These 
two sets of coordinate pairs, (Vcp = 5 V, 
Ic = 0 A) and (Veg = 0 V, Ic = 0.787 A), 


define the load line whose slope is the nega- _ 


tive inverse of Ry (—1/R,). The 5 V load 
line is drawn through these points in figure 
13. Dotted Jines from the minimum and 
maximum values of the desired collector 
current are drawn to the load line parallel to 
the voltage axis. The entire region of interest 
along the load line is enclosed by the base 
current values of 1 mA and 6 mA curves. 
The base current curve for 3 mA is enclosed 
by the region of interest. 

The three base current curves associated 
with the region of interest will be used to 


calculate an average admittance value (see- 


table 11) for the region (the slopes of the 
curves are shown in table 10): 

An average value of the current gain is 
obtained by extending a dotted line in two 
directions parallel to the collector current 
axis and away from the center of the region 
of operation on the load line. This dotted 
line intersects the voltage axis and cuts 
through the constant base current curves 
which enclose the region of interest. The 
current gain is calculated for the load line 
using the collector current associated with 
the collector-to-emitter voltage value inter- 
sected by the dotted line and the base cur- 
rent curves which enclose the region of 
interest. See dashed line 1 and solid line 1 
in figure 13. The current gain is: 


Ale 
B “Big | Vce = 365 

_ 0.351 — 0.046 _ 
Bove = 0.006 — 0.001 e} 


We now consider the foad line for the 15 
V supply. As before: 


Vee~ Vee" Bete 
When the collector current is zero, the col- 


lector-to-emitter voltage drop equals the sup- 
ply voltage, which is 15 V. Setting the col- 


lector-to-emitter voltage drop to zero causes ; 


the collector current to be defined as the 
supply voltage divided by R,, or 2.36 A. 
The point (Ic = 2.36 A, Voge = 9 V) is not 
within the range of the coordinates of figure 
13. Therefore; we must compute another 
point by entering the following points into 
the program of figure 3: 


(Vog = 15 V, Ig = 0A) 


(Veg =OV, 1g =2.36 A) 


Alo 
A Ver | !g = constant 


slope (lz = 6 mA) + slope (Ig = 3 mA) + slope (Ig = 1 mA) 


Hoe(AVE) > 3 


0.006448 + 0.001547 + 0.000233 


Aoe(AVE) = 3 


hoe(ave) = 0.002743 


1 


i = 3642 
oe(AVE) 


We may then enter a smaller value for the 
collector to emitter voltage into the program 
to obtain a collector current value within the 


‘range of the graph. For example, we would 


obtain a collector current value of 1.57 A 
fora collector-to-emitter voltage drop of 5 V. 

The two points used to locate the 15 V 
load fine are (Vee = 15 V, Ic = 0A) and 
(Vce = 5 V, Ie = 1.57 A). ‘This load line is 
also shown in figure 13. The same dotted 
lines for the minimum and maximum col- 
lector currents are used. The region of in- 
terest is enclosed by the same base current 


‘values as before. Therefore, the inverse ad- 


mittance (1/hoe) remains the same as it was 
for the 5 V load line: 364 82. However, the 
current gain has changed as signified by the 
dotted line extending away from the center 


of the region of interest on the 15 V-load © 


line and the dashed lines labeled 2. In this 
case: 


z Ale : 
A Ip Vee, = 13.7 


0.417 — oe 


Brave) “p06 —o.001' 728 * 74 


The circuit of figure 16 has been redrawn 
in figure 17 using the transistor model of fig- 
ure 15. The current gain and inverse admit- 
tance have also been added to the simulation. 
The equations for this circuit are more 
easily written if the resistances are changed 
to conductances (G = 1/R). Therefore, the 
equivalent circuit has been redrawn with 
conductances instead of resistors in figure 
18. In this figure, seven nodes have been 
identified as Vo to Vg. - 

The following node voltages are already 
known: 


Vy = Mees 15V 


0616 V 


< 
Nn 
f] 


V3 0.722V - 


0.839 V 


= 
a 


Table 17 
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Figure 17: Equivalent cir- . 


cuit for the example of 
figure 16. 


Figure 18: Equivalent cir- - 


cuit for the example of 
figure 16 using conduct- 
ances instead of resistors. 
The seven nodes are iden- 
tified as VO through V6. 
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Therefore, in order to find the load cur- 
rent (I, ) for a particular value of R, equa- 
tions must be written only for nodes 5 and 
6. These two node equations are written 
assuming, initially, that the base-to-emitter 
voltage will be large enough to forward bias 
diodes D,, Dz, and D3. The conditions at 
node 5 are given by: 


- Gy (Vg — Vy) + Gy Va + Gy (Vg — Va) + 


: Ge (Ve — V3) +Gy (V5—-V4)= 0 


The conditions at node 6 are given by 
Gy (Vg —V4) tho, Vg + Big = 0 


To begin the analysis, we substituted the 
values shown in figure 18 into the node 5 


" equations: . 


op 
My ‘ 0.187480 


} er ; 
0.000738 0, Sb 
; . 0.042740 


bie 
0.043670 


Gq 
0.06648U 


Vo 


Big?74 'g : 


(0.00073) Vg _ (9.00073) (18) + G, Ve + 
(0.04274) (Vg) — (0.04274) (0.616) + 

(0.04367) V_ — (0.04367) (0.722) + 

(0.06645) V,, — (0.06645) (0.839) = 0 

(0.15350+G.)V, = 0.12456 V 


0.12456 
Vs 0.15359 + G5 ¥ 


If we let the resistance of Ry equal 50 Q, 
then the conductance G, is equal to the in- 
verse of that or 0.02 mhos. Therefore: 


0.12456 


0153594002 ~O718V | 


Vs= 


With V. equal to the base-to-emitter volt- 
age drop or 0.718 V, the d branch of figure 
18 will be off because diode D3 will not be 


1, 


6 
hoe 
0.002750 


Bigt7atp 


forward biased. Therefore, V, must be com- 
puted again with the D branch removed 
from the circuit and its branch conductance 
and voltage removed from the equation for 
node 5: 


(0.08714 + G,) Vz = 0.06881 


0.06881 


Vs = 0.08714 +002 0642 V 


With V. set equal to the base-to-emitter 
voltage drop (0.642 V), the c branch of fig- 
ure 18 will also be off because diode D, will 
not be forward biased. Therefore, V5 must 
be computed once again, with both the d 
and c branches removed from the circuit and 
their branch conductances and voltages re- 
moved from the equa: for nade 5: 


(0.04347 + G5) Vg = 0.03728 


0.03728 

8“ 6043a7+0.02 0°87 

A base-to-emitter voltage of 0.587 V at 
node 5 will not forward bias ideal diode D,, 
the diode in branch 6. Therefore, this branch 
is also off. This means that the base-emitter 
junction of the transistor is: not forward 
biased enough to move transistor operation 
out of the cutoff region. Therefore, we will 
increase the value of R, in figure 17. Assume 
again that the base-to-emitter voltage drop 
will be farge enough to forward bias diodes 
D,, Dy, and D3, and compute the base-to- 
emitter voltage drop for these conditions. 

Assuming a resistance of 150 Q for Ry, 
Gy equals 0.00667 mhos. The conditions at 
node 5 are now: 


(0.15359 + Ga) Vg = 0.12456 


0.12456 | 
Vs 0.15359 + 0.00067 0-777 


This is not enough to forward bias diode D3. 
Therefore, branch d is removed from the cir- 
cuit: 


0.06881 


Vs~ 9.08714 + 0.00067 0-738 V 


This voltage is high enough to turn diode D2 
on. Diode D, is also turned on. ‘ 
A base-to-emitter voltage drop of 0.733 V 


at node 5 will forward bias diode D5, the © 


diode in branch c and diode D,, the diode in 
branch 6. Therefore, these two branches of 


the base-emitter model will be active when - 


the resistance of Ry is 150 82. The base 
current will be a function of the branch con- 
ductance and branch voltage in pour of these 
branches: ; 


p 7S, Vg—- V2) +6, {V, — V3) ; 


Ig = 0.04274(0.733 — 0.616) + 
0.04367(0.733 — 0.722) 
lg = 0.00548 A 


The current supplied by the dependent 


“current source in the collector-emitter cir- 


cuit may now be calculated: 
B 1, = (74)(0.00548) = 0.40552 A 
The voltage at node 6 may also be calculated: 


(0.15748) V_ — (0.15748) (15) + 
(0.00275) Vg + 0.40552 = 0 


(0.16023) Vg = 1.95668 
Vg=12.2V 


The collector current is: 
Io = 0.15748(15 — 12.2) 


Io =441mA 


This load current is much higher than the 
maximum desired value of 315 mA. If we 
attempt to construct the circuit of figure 16 
with a resistance of 150 Q for Ry, exces- 
sive foad current will flow and resistor Ry 
will be destroyed. We must choose a value of 
Ry which is between 150 Q (excessive load 
pay and 50 Q (transistor does not turn 

It seems reasonable to try a value of 
100 Q (since that is the value | used to set 
up the example), splitting the difference 
between these two extremes. The conditions 
at node 5 are: 


0.12456 : 

Vs = 6.15359+0.01  2°761V 

This is. not enough to turn on diode D3. 
Therefore branch d is removed from the cir- 


- cuit: 


0.06881 


“Vs * 9.08714+0.07  0-708V 


This result will not turn on diode D5. There- 
fore, branch c is removed from the circuit: 


0.03728 


0.04347 +001 ~ 0-697 


Vs= 


This produces enough voltage to forward bias © 


diode D,;. Branch 6 of the circuit is being 
used. The base current under these conditions 
is: 


lg = Gy (Vg — Vp) = 0.04274 (0.697 — 0.616) 
Ig = 0.003464 
B\g = (74}(0.00346) = 0.25618 A 
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Figure 19: Saturation re- 
gion model for the piece- 
wise linear approximation 
of figure 13. 
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-- The following conditions are present at node 


6: 


(0.15748) Vg = (0.15748) (15) + 
(0.00275) Vg + 0.25618 = 0° 


(0.16023) V, = 2.1060 

V6 =13.1V 

Io= ty =G, (V,;—Vg) mA 

lo = 0.15748 (15 — 13.1) mA 
lo = 299 mA 


Although this Joad current value is closer 
to the desired maximum of 315 mA, we can 
get much closer by allowing resistor Rz to 
assume larger values in smaller increments. 
For example, if we were to let resistor Ro 
assume a value of 105 Q, we could calculate 
a collector current value of 310 mA. The 
actual value of resistor Ry in the circuit set 
up for this example was 100 2. The model 
suggests that we would obtain a load current 
of 299mA for this value of Ry. Having 
assumed a value of 105 ohms for Ry and 
having obtained a load current of 310 mA 
for this value, we would not attempt to find 
the precise value of R5 necessary to insure a 
model load current of 315 mA. The resofu- 
tion of our model is not good enough to 
warrant such precise calculations. Instead we 
should probably settle for a current of 310 
mA for a resistance of 105 ohms. 

Experience with the model over a period 
of time would allow us to determine if it 
were accurate enough for our needs. If it 
were a model to be used in a one time simu- 
lation and. experiment, we would simply 
insert a 100 {2 potentiometer into the cir- 
cuit as Ry and increase the resistance from 
50 to 100 while monitoring the collector 
current. If, however, the model were found 
to be generally useful, the model parameters 
could be stored and recalled as needed. 

This example has been presented in order 
to illustrate the type of data which may be 
obtained from the piecewise linear charac- 
teristic curves and the technique of repeti- 
tiously solving a set of equations to simulate 
component variations in a circuit which is 
being analyzed. For the example given, two 
simple node equations were written for an 
equivalent circuit which included the model 
of an active device. 

In general, however, we may expect that 
the circuits we wish to simulate will force us 
to consider many equations simultaneously. 
When the analysis we wish to perform is 
based on a linear model, the unknown quan- 
tities will usually appear only to the first 
power, and the coefficients in the equations 
relating n unknowns can be expressed | in me 
form: 


equation 1 a,X, + a9X5 + 


equation 2 b4X, + boXo + 
equation n m,X, + MX, +0. 


ot m.X,, = Yi, 


Each quantity X is an unknown quantity, 


‘the m terms are the coefficients of the un- 


knowns, and the Y terms are the right hand : 
sides of the equations. Methods of solution 
of simultaneous equations can be found in 
many high school and college math texts. 


Complete NPN Transistor Model 


We have successfully constructed an active 
region model for an NPN transistor wired in 
a common emitter configuration.. At this 
time we shall include in our model the other . 
regions of operation. The coflector-emitter 
mode! for transistor operation in the satura- 
tion region is shown in figure 19. The value 
of the saturation resistance is: 


Vv, 1.0V 
= CES. 9 312502 


sat 382A 


Iosat 


The variables Vee,sat and Ica are the 
measured values for the collector-to-emitter 
voltage drop and the collector current when: 
the base current is equal to or greater than 
the collector current divided by the current 
gain (Ic/B). The values for Ve car and Ic cat 
shown above were discussed when the piece- 
wise linear approximation to the output 
characteristics was presented earlier. The 
saturation region representation shown in 


figure 19 may replace the active region 


representation in the model of figure 15 
when it is necessary to simulate a transistor 
operating only in the saturation region. © 

No partial model is needed to represent 
the cutoff region. We simply insure that no 
current flows in the base and collector 
branches to simulate this condition. We have 
now accumulated enough information to 
construct a three region transistor model as 
shown in figure 20, In this figure, the base- 
emitter junction is represented by-a single 
brarich in order to simplify the discussion 
that follows. : ; 

Several of the components in figure 20 
must take on one of two possible values 
depending on the region of operation. The 


’ possible values which these components may 


assume are shown in parentheses next to the 
components. It is necessary to specify alter- 
nate values in a multiple region model so 
that appropriate parts of the circuit will be- 


ACTIVE REGION 


yic ACTIVE 


t 
(—— .20M) 
Noe 


Te os, R Va 


(0.1,10M) (hie shie) E 


come enabled or disabled as transistor opera- 
tion moves from one region to another. 


Two of the resistors in figure 20 act as” 


switches to control the current flow through 
the model. These resistors are labeled S; and 
S». The operation of the three region model 
depends on the states of S; and S». When 
the transistor is cut off, both S, and S» are 
off. When the model is operating in the 
active region, resistor S, in on but resistor 
S» is off. When the transistor is in the satur- 
ation region, both S; and Sy areon. 

The action of the switches | is not straight- 
forward. Switch S, controls the current flow 
through itself and resistors R, and Ro. 
Switch S, controls the current flow through 


resistors Rj, Ro, and R3, but does not con- 


trol the current through itself. The switches 
contro! the current through various com- 
ponents by selecting one of the two values 
specified for the components under their 
control. The state of each switch depends 
on the direction of the flow of current 
through the switch. , 

If, during an analysis, the base current 
tends to flow in a direction which is op- 
posite to the arrow labeled Ip, switch S, 
will assume a value of 10 MQ (off state). 
This will cause resistor R, to assume a 
value of hj, (Rz is equal to the common 
emitter input impedance for all possible 
switch states). Resistor Ry assumes a value 
of 20 M ohm and the dependent source in 
the section of the model labeled active 
region assumes a value of Bl. 

With the base-emitter junction cut off, 
the collector-to-emitter voltage drop will 
be greater than or equal to Via per: 
Therefore, current will flow through switch 
Sy in a direction opposite to the arrow 
shown as leat, REF: This will cause switch 
So to assume the off state and resistor R3 to 


Te sat 
_— 


(Big, Olg) 


SATURATION REGION 


S2 1 
20M SAT, REF 


Vsat, REF 


R3 


(20M, Roar) 


te ae en are ee cee ee a aS SD NY SD ED Me Me Se ce ene ie nem [omen Wem Kr OD cee 


be 20 MQ. Under the above conditions, the 
transistor is cut off. 

When the base-emitter junction is forward’ 
biased, base current will flow in the direc- 
tion indicated by Ig. Switch S,. will then 
assume a value of 0.12 (on state), resistor 
R, will be the defined input impedance, R5 
will be the inverse of the output’‘admittance 
(I/h,.), and the dependent source in the sec- 
tion of the model labeled active region will 
assume a value of Blg. As long as the col- 


~ lector to emitter voltage drop remains great- — 


er than or equal to Vear, REF, Switch So will 
remain off, and the model will behave as if 
the section of the collector-emitter model 
labeled saturation model were not present. 

Any time V.ar, REF becomes greater than 
the collector-to-emitter voltage drop, switch 
S» will assume the on state, forcing resistor 
Ry to assume a value of 20 MQ, resistor R3 
to assume a value equal to the saturation 
resistance (R,.,), and the current gain of the 
dependent source in the active region section 
of the model tobe zero. (A 8 of zero will 
result in a current of 0 A.) Under these con- 
ditions, the transistor. is operating in the 
saturation region and the model behaves as if 
the section of the model labeled active region 
is not present. 

The three region model of figure 20 need 


_ be used only when necessary. Many analyses 


may be performed with a simplified equiva- 
lent containing only an active region or satu- 
ration region representation of the collector- 
emitter circuit. ; 
This concludes our discussion of bipolar 
transistors. We will now take a cursory look 
at modeling two other types of nonlinear 
devices: the field effect transistor, and the 
silicon controlled rectifier. These discussions 
will be very general and expect the reader to 
have a working knowledge of the devices. 


Figure 20: Three region 


NPN transistor model. 
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Figure 21: Piecewise linear approximation to the output characteristic of a 
field effect transistor (FET), This is a general family of curves which must be 


Ip 


Field Effect Transistor Models 


The three variables which must be repre- 
sented in a graph of the family of output 
characteristic curves for a field effect tran- 
sistor (FET) are the drain current (Ip), the 
voltage drop from the drain to the source 
(Vps), and the voltage drop between the 
gate and the source (Vgc). Figure 21 shows 


_ a piecewise linear approximation to the out-— 


put characteristics of a field effect transistor. 
The equation for a load line depends on the 
supply voltage at the drain, the load resis- 
tance, and the drain current: 


Vos = Yoo ~!p RL 
The intercepts of this equation are: 
Vos = Vop-!p=9 


v Z 
DD, Vpg =0 
Re 


Ip 


We will. use the piecewise linear output 
characteristic for the field effect transistor 
to calculate the parameters in table 12. These 
parameters will provide the information we 
need to construct amodel for the field effect 
transistor. ° 


\ ves 


Ves«0 


labeled to simulate the characteristics of the desired transistor. 
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= constant with 
dimensions ohms 


= Constant with 
dimensions mho 


at the origin’ - 


drain resistance 

drain conductance 

transconductance 
. on drain resistance 


on drain‘conductance 


Table 12: Parameters to be calculated for the 


linear model of the field effect transistor. 


. Figure 22 is one of several models we 
may choose to represent a junction field 
effect transistor (JFET). Consider diode 
D,. This diode allows the breakpoint at 
(4AV¢6,Vps) to exist in the model. Diode 
D; prevents the drain current from becom- 


ing negative when the drain to source volt- 


age is reversed. As long as the drain current — 
is positive, diode D, acts as a short circuit 
and normal operation occurs. If, however, 
the drain current becomes negative, diode 
D, willact as an open circuit. 

When the gate to source voltage drop 1 is 
0 V and the drain to source voltage drop is 
positive, but small enough so that the cur- 


rent through conductance (Gp o,—Gp) is 


less than the current from the dependent 
source S», then diode D» acts as a short 
circuit. The output circuit then consists of 


the conductances Gp and (Gp o,—Gp) in 


parallel. The model behaves as if the de- 
pendent current source So is not in the cir- 
cuit. Under these conditions,» the drain 
conductance is: oa 


Gp: + (Gp, on ~8o) 
which is ‘equivalent to: 


Gp on 


The -drain resistance for the on state 


(Rp jon) is an important parameter in switch- 


ing applications where the transistor is driven 
heavily in the on state. 

After the drain-to-source ‘voltage drop 
(Vps) is increased so that the current through 
the conductance (Gp 5,—Gp) becomes equal 
to the current through dependent source S», 
any further increase in the drain current 


a 6p, on -Gp 


Figure 22: A general junction field effect transistor model. 


must be through conductance Gp. This is 
because the current through the conductance 
(Gp on—Gp) can never be greater than the 
current through dependent source S,. This 
is a result of the slope Gp in the output 
characteristic piecewise linear approximation. 
In figure 21 the intersection of the gate-to- 
source voltage drop with a value of zero plot 
with the drain current axis occurs at the cur- 
rent value of source Sj. When the gate-to- 
source voltage drop is not equal to zero, 
dependent current source Sy combines with 
dependent current source S, to provide a 
current equal to (I+g,, Vs). 

If the gate-to-source voltage drop is nega- 
tive, the gate channel diode (Dg) acts as an 
open circuit. When the gate-to-source voltage 
drop is positive, diode Dg represents a short 
circuit and resistor Rg is a model of the 
resistance of the forward biased gate channel 
diode of the field effect transistor. If the 
resistance Rg and the diode Dg are removed 
from the junction field effect transistor 
(JFET) model in figure 22, the model may 
be used to represent a metal oxide silicon 
field effect transistor (MOSFET). The gate 
of a MOSFET is insulated from the channel. 
Therefore, the model must indicate this with 
an open circuit between the gate and all 
other elements of the model. , 

The discussion of the field effect tran- 
sistor model has been much briefer than that 
of the bipolar transistor. Furthermore, spe- 


cific values for the model! elements have not - 


been given. The-reason for this is that we 
have presented many techniques during the 
bipolar transistor discussion. In general, many 
different models are required ‘to construct a 
practical electronic circuit. General examples 
which may be-stored in computer memory, 
recalled, and altered as required for circuit 
simulations are more valuable. We will pre- 
sent one more general model to whet your 
appetite. 


Silicon Controlled Rectifier Model 


The current versus voltage characteristic 
of a typical silicon controlled rectifier (SCR) 
is shown in figure 23. This figure shows that 
the forward breakover voltage (Vgg) is a 
function of the cathode-gate -current. Cur- 


"rents introduced into the gate terminal may 


be used to control the anode to cathode 
breakover voltage. Once the silicon controlled 
rectifier is turned on by a gate triggering cur- 


REVERSE 
SLOCKING REGION 


Figure 23: Current versus voltage characteristics of a silicon controlled 
rectifier. The breakover voltage (Vgo) is a function of the gate current (Ig). 
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Figure 24: Silicon’ con- 
trolled rectifier. Figure 24a 
is the basic construction of 
the rectifier; 24b is the 
schematic representation; 


24c is the equivalent 
construction; and 24d is 
the equivalent schematic 
symbol, 


Figure 25: Model of the 
silicon controlled rectifier. 
The equivalent circuit 
imodel represents two sim- 
_- ple transistor models with 
the active regions omitted. 
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‘b) o “ANODE 


GATE 


CATHODE 


rent or voltage adequate to lower the break- 


over voltage to less than the voltage applied 
between the anode and cathode, it latches 
into the on state. Further trigger signals at 
the gate terminal, positive or negative, have 
no affect on the anode current. The anode 
current will continue to flow until it is 
reduced below the holding current (1,4) or 
until the anode voltage is reduced below the 
holding voltage (V1). 

The model for the silicon controlled 
rectifier will not be taken from the current- 
versus-voltage characteristics. Instead, we 
note that any four layer device, such as the 
SCR, can be represented as an intercon- 
nected NPN and PNP transistor if we consider 


0.61V 
+ 


_— 


Rsatt 
(5M ,0.52) 


-V6T 


the two center regions separated as in figure 
24c. 

We may approximate a silicon controtled 
rectifier with the two transistor model of 
figure 24d. These transistors are connected 
so that the collector of transistor Q, drives 
the base of transistor Qy and the collector 
of transistor Q» drives the base of transistor 
Q,. The regenerative feedback in the tran- 
sistor circuit simulates internal thyristor feed- 
back. Our model: of the silicon controlled 
rectifier will reflect these factors ‘and will 
consist essentially of two simple transistor 
models with the active regions omitted. 

The model we will use is shown in figure 
25. The parameters given for the elements in 
the model are suggested values with which 
an analysis may be initiated. These values 
should be altered as necessary to allow the 
model to more closely simulate a particular 
rectifier. As with the transistor model dis- 
cussed earlier, there are two switches in the 
model which control the activity of the cir- 
cuit. Switch S, controls only the input 
impedance (hie,). Switch Sy controls the 
resistance values at saturation (Reatt > Reat2)- 

When the anode voltage is high enough to 
permit holding. current, switch S,_ will 
change the input impedance (h/;.;) from 
a value of 5 MQ (off state) to a value of 
0.5Q (on state). As long as the gate current 
is less than the minimum gate trigger cur- 


‘rent required to cause the silicon controlled 


rectifier to switch from the nonconducting 
to the conducting state for the applied 
anode voltage (Ig 7), the rectifier will remain 
cut off. As soon as the gate voltage is greater 
than voltage source Vo, the trigger current 
will flow. Switch S2 will then force both 
Rsatt and Rsat2 to change from 5 MQ 
(off state) to 0.5Q (on state). When this 
occurs,. full anode current flows from node 
E, through node B,/Cz to node E,. In 
addition, the current flowing through 
resistor Razz continues to supply gate cur- 
rent to node C,/By as long as the anode 


VaK 


Rsat 2 
(5M ,0.52) 


voltage is sufficiently more positive than 
. the cathode voltage. 


Conclusion 


This introduction to computer aided de- 
sign has been presented with emphasis on 
modeling techniques. The genera! models 
discussed reinforce the concept of storing 
models in memory. The stored models may 
be recalled as they are needed in a simula- 
tion. As the models are recalled, . their 
parameters may be adjusted so that the 
models represent active devices to be con- 
nected in hard-wired circuits. : 

Then, the systems of equations which are 
generated by the circuit being analyzed may 
be processed with a computer or calculator 
program designed to produce solutions in a 
format that yields the information required 
by the designer. - ; 

The designer is allowed to attempt de- 
structive voltage and current levels without 
destroying valuable components. In addi- 
tion, the designer may construct software 
circuits and predict hard-wired results with- 


out having the circuit components on hand. 
An electronic experimenter may invest 
capital in a small computer and design with 
software instead of purchasing many _ indi- 
vidual components which must be stored, 
and which could be destroyed or lost.@ 
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